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Abstract 
Compartment fire scenarios are of great interest due to the large loss of life and property 
that occurs annually in such fires.  Due to the current move towards performance-based building 
code standards and the increasing acceptance by the regulatory system of model results, there is 
a growing need for detailed compartment fire data to demonstrate the accuracy of such 
engineering tools as they are used to ascertain performance.   
A series of carefully designed full-scale room/corner tests on two vi nyl ester resin 
composite systems have been conducted in a heavily instrumented compartment to provide 
compartment fire data for the calibration of engineering tools.  The two composite systems were 
chosen based on their thermal behavior.  A nominally thermally-thick glass-reinforced plastic 
(GRP) skin was desirable, as many analytical formulations have been developed using semi-
infinite assumptions.  A "thermally-thin" skin panel typical of that used in fast ferry construction, 
consisting of a GRP skin over a balsa core, was also tested.  The test protocol used throughout 
the room/corner experiments was a modification of the ISO 9705 standard where the HRR of the 
ignition fire was varied according to the Critical Ignition Source Strength concept.    
To date, there has been little work done where heat fluxes from compartment fires have 
been measured.  Therefore, one of the key data components developed in this series of tests are 
heat flux measurements from thin skin calorimeters.  A total of twenty-five thin skin calorimeters, 
constructed of Inconel plates, were located throughout the room: the spatial distribution of net and 
incident heat fluxes within compartment for both pre- and post-flashover conditions have been 
determined.  
Additionally, rakes of bare-bead thermocouples were placed in the vent and the corner of 
the room coincident with the thin skin calorimeter arrays.  A third rake was placed in the center of 
the room.  The thermocouple arrays provide data regarding layer temperatures and interface 
heights as well as a limited determination of temperature spatial distribution within the 
compartment.   The thermocouple rakes also permit calculation of pressure gradients across and 
mass flows through the vent, thus providing information regarding wall lining fire entrainment 
 ii 
rates, of use in corner fire algorithm validations and for globally evaluating the accuracy of CFD 
codes.   
Bench-scale cone calorimeter (ASTM E1354, ISO 5660) tests have been carried out on 
the two composite systems to gather material fire properties necessary as model inputs for fire 
spread algorithms.  The present study developed material properties including heat release rate, 
species production, and ignition data for the two composite systems.  Included are uncertainty 
bands that account for calculation and instrument uncertainty.  The current work also evaluates 
the ability of the current bench-scale testing data reduction techniques to differentiate the burning 
behavior of the two composite systems. 
 iii 
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a  Exponent of approximate solution to one-dimension conduction solution 
(0.547 or 0.5) 
A  Coefficient of approximate solution to one-dimension conduction solution 
(0.73 or 0.71) 
b    Intercept of the best-fit regression line 
c    Specific heat [J/kg-K] 
C    Cone calorimeter daily calibration coefficient [] 
C    Constant used in Janssen’s improved method 
0C  Quantity calculated in Janssens’ thermal characterization to 
determine ckr  
1C  Quantity calculated in Janssens’ thermal characterization to 
determine ckr  
E    Heat release per mass unit of oxygen consumed [~13.1 kJ/g] 
h    Total linearized heat transfer coefficient at ignition [kW/m2K] 
ch    Convective heat transfer coefficient [kW/m
2K] 
0h  Constant in Janssens’ expression for convective heat transfer coefficient 
in the cone calorimeter [kW/m2K] 
1h  Constant in Janssens’ expression for convective heat transfer coefficient 
in the cone calorimeter [1/K] 
cHD    Effective heat of combustion [kJ/g] 
k    Thermal conductivity [kW/m2 K] 
ckr    Effective thermal inertia [kW2m-4 K-2s] 
L    Effective heat of gasification [kJ/g] 
m    Slope of the best-fit regression line 
"m&    Mass loss rate per unit area [g/s-m2] 
aM    Molecular weight of air [29 g/mol] 
2O
M    Molecular weight of oxygen [28 g/mol] 
n    Exponent used in Janssens’ improved method for thermal 
characterization 
n    Number of samples in population for statistical analysis. 
p    Exponent used in determining the flux-time product (1/n) 
pD    Pressure drop across an orifice plate [Pa] 
"
crq&    Critical flux for ignition [kW/m
2] 
"
minq&    Minimum flux for ignition [kW/m
2] 
"
netq&    Net heat flux to surface [kW/m
2] 
"
,0 igq&    Minimum flux for ignition [kW/m
2] 
Q    Energy [J] 
"Q    Total energy per unit area [MJ] 
"Q&    Heat release rate per unit area [kW/m2] 
2r  Coefficient of determination or proportion of variation in y that is 
explained by the linear relationship with x 
 viii 
ms    Standard deviation of the slope, m, of the best-fit line 
S     Standard deviation from the best-fit or regression line 
t    Time [s] 
bt     Time to burn-out [s] 
igt    Time to ignition [s] 
*t    Characteristic equilibrium time [s] 
T    Temperature [K] 
eT    Ambient of external temperature [K] 
igT    Ignition temperature [K] 
min,sT    Minimum surface temperature required for lateral flame spread [K] 
¥T    Ambient temperature [K] 
x    Independent quantity x for linear regression []T 
y    Dependent quantity y for linear regression [] 
yˆ    Value of quantity y predicted from best-fit linear curve 
y    Average value of the quantity y over the range of x. 
2O
X    Measured mole fraction of oxygen in the exhaust flow [] 
0
2O
X    Mole fraction of oxygen in the ambient air [] 
 
Subscripts 
a    Air 
e    External or ambient 
ext    External or ambient 
f    Flame 
fc    Convective portion of heat flux due to flame 
fr    Radiative portion of heat flux due to flame 
net    Net 
2O    Oxygen 
peak    Peak or values at the peak heat release rae 
avgpeak _   Peak average values, or values at the peak average heat release rate 
rr    Re-radiative losses 
s    Surface 
v    Vaporization 
¥    Ambient 
 
Superscripts 
'    Per unit length 
"    Per unit area 
"'    Per unit volume 
*    Characteristic 
.    Per unit time 
-    Average 
-ˆ    Predicted 
 
Acronyms 
ASTM   American Society of Testing and Materials 
 ix 
CIFM   Combustible interior finish material 
CISS   Critical ignition source strength [kW] 
FRM   Fire-restricting material 
FRP   Fiber reinforced plastic  
FTP   Flux-time product [(kW/m2)1/ns1/n] 
GRP   Glass-reinforced plastic 
HRR    Heat release rate [kW/m2] 
HRR60   Average heat release rate for the 60 seconds after ignition [kW/m2] 
HRR180  Average heat release rate for the 180 seconds after ignition [kW/m2] 
HRR300  Average heat release rate for the 300 seconds after ignition [kW/m2] 
HRR(30s,max)  Maximum 30-second average heat release rate [kW/m2]  
HSC   High Speed Craft 
IMO   International Maritime Organization 
ISO   International Organization for Standardization  
NFPA   National Fire Protection Association  
NIST   National Institute of Standards and Technology 
SOLAS   International Convention for the Safety of Life at Sea 
THR   Total heat release [MJ/m2] 
TRP   Thermal response parameter [kWm-2s1/2] 
UBC   Uniform Building Code 
VEX    Vinyl ester 
WPI   Worcester Polytechnic Institute 
 
Greek Symbols 
a    Absorptivity [] 
a    Volumetric expansion factor 
Xd    Standard uncertainty in quantity X [units of quantity X] 
XXd    Relative uncertainty in quantity X [] 
D    Change or difference  
e    Emissivity [] 
F    Lateral flame spread parameter [] 
f    Oxygen depletion factor [] 
r    Density [kg/m3] 
r    Reflectivity [] 
s     Stefan-Boltzman constant 5.67x10-11 [kW/m2K4]  
t     Transmissivity [] 
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1. Performance Design 
There has been a recent move towards performance-based codes with the publication of 
the SFPE Engineering Guide to Performance Based Design, the performance design option 
included in the 2000 Edition of NFPA 101, The Life Safety Code,  the publication of the 
International Performance Building Code,  in addition to the development and adoption of 
performance building codes around the world.  Performance-based design is a design process 
that can make use of “trade-offs”, relative to traditional prescriptive requirements, to achieve a 
required level of safety.  In order to evaluate proposed designs for the level of safety achieved, 
models are required for performance evaluations and have become entrenched in building 
design. 1   
A specific example of performance design is tied to the use of composite construction for 
high speed ferries as allowed with the adoption of the High Speed Craft Code (HSC Code)2 by 
the International Maritime Organization (IMO) as Chapter 10 of the International Convention for 
the Safety of Life at Sea (SOLAS).3   Composites, such as glass reinforced plastics (GRP), are 
highly desirable for some marine applications due to their unique characteristics: high strength to 
weight ratio; durability and resistance to the marine environment; ease of maintenance and 
repair; toughness, particularly at low temperatures; and low thermal conductivity compared with 
metals.4 The primary concerns associated with the acceptability of composite construction are 
flammability and structural performance under fire exposure.5,6 The HSC Code2 allows the use of 
fire restricting materials (FRMs) in place of the industry standard steel or aluminum. Fire 
restricting materials are those that have a low flame spread, limited heat flux, limited heat release 
rate, and produce a limited amount of smoke.2 The procedure to experimentally evaluate a 
material system to see if it qualifies as a FRM involves a room corner test.7 
Due to the prohibitive cost of full-scale testing, analytical tools are needed to simulate 
room/corner test behavior to efficiently develop limited combustible composite systems.2 At 
present there is a dearth of pertinent fire behavior data of typical marine composite systems that 
can be used for fire model calibration. 
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2. Engineering Tools 
Compartment fire scenarios are of great interest due to the large loss of life and property 
that occurs annually in such fires.  Tremendous effort has been spent to understand and model 
compartment fire dynamics; particularly room/corner configurations used in material screening 
test protocols.  The result has been the development of empirical correlations, zone models, and 
computational fluid dynamics (CFD) models. 
2.1. Fire Growth Modeling 
The ability to predict flame spread over a material and thus fire growth is of interest for 
two primary reasons: to predict the performance of “new” or advanced materials in fire tests 
without having to run large numbers of costly tests during material development, and to assess 
engineering designs based on the actual fire hazard rather than based on a specified heat 
release rate curve that is intended to reflect the worst credible fire scenario.  In order to achieve 
either, it is necessary to develop a flame spread algorithm that makes use of “material properties” 
or model parameters that reflect material burning behavior, developed in relatively low-cost 
bench-scale testing. 
When evaluating material systems for use in the built environment, material thermal and 
combustion properties are often required either directly as screening criteria or as input into 
models and flame spread algorithms developed to predict material burning.  The uncertainty of 
material properties and experimental output can directly impact screening criteria such as 
protocols that make use of absolute cutoff values to distinguish materials according to a pass/fail 
basis or into material categories as in the EUROCLASS system8.  Predictive fire models are often 
still crude in their calculations and incorporate a number of simplifications or empirically based 
correlations 9.  As a result, such models have an inherent level of uncertainty.  Even if a given 
model has been sufficiently validated against well documented and accurate experimental data, 
such a model can still give spurious results if the input data are inaccurate and the material 
properties are uncertain.   
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2.2. Validation and Calibration 
With increasing acceptance by the regulatory system of model results, there is a growing 
need for detailed compartment fire data to evaluate the predictive capability and demonstrate the 
accuracy of such engineering tools as they are used to ascertain performance. The International 
Standards Organization (ISO), along with the Conseil International du Batiment (CIB) are working 
to establish a framework for model evaluation.1 In a recent progress report, three key elements of 
model evaluation were specified: peer review of theoretical basis, usability and practicality, and 
comparison of predictions with experimental results.  The final element can be further broken 
down to include:  
(1) Sources and quality of data,  
(2) Uncertainty in experimental results,  
(3) Methodology for transforming measured data into “useful” values,  
(4) Measurement and measurement system requirements,  
(5) Sensitivity analysis of the experimentally-based “model predictions”,  
(6) Blind runs of the models, and  
(7) Statistical and analytical comparisons.1  
3. Present Work 
A series of full-scale room/corner and bench-scale cone calorimeter tests were carried 
out on two vinyl-ester (VEX) composite systems to characterize flame spread and fire 
environment behavior and gather necessary material data for composite characterization and 
compartment fire model calibration.  Thus, the data that has been generated can be divided into 
two distinct sets.  The first set can specifically be applied to calibration of flame spread 
algorithms.10,11,12 The data set will consist of the heat release rate histories from the room corner 
tests, a global metric for evaluating flame spread, and the associated material properties, as 
developed in bench-scale testing13,14 required as model input.  The second set describes the 
compartment fire environment and includes temperature profiles, vent flows, entrainment rates, 
and heat fluxes to locations throughout the compartment.  
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Although material properties are vital in composite material screening and modeling, 
most data are presented without uncertainty, and thus sensitivity analyses are performed using 
arbitrary variations in properties.  The present study developed material properties including heat 
release rate, species production, and ignition data for two distinct vinyl ester composite systems, 
a “thermally-thick” GRP (eight layers of glass) and a “thermally-thin” GRP (one-layer of glass over 
a one-inch balsa core). Included are uncertainty bands that account for calculation and instrument 
uncertainty. Of particular interest are ignition properties, vital in flame-spread models.  It has been 
shown in previous work that ignition models were not capable of resolving the effect of composite 
skin thickness or core composition.  Through formal uncertainty analysis, it was found that 
Janssens’ model could sufficiently differentiate between the two composite systems, i.e. between 
skin thicknesses of one and eight layers.  Yet, the magnitudes of the derived properties and 
associated uncertainties imply that the model would be unable to differentiate more subtle 
variations in skin thickness, as discovered in previous work.  Though the results using the met hod 
of Quintiere and Harkleroad are in good agreement with those using Janssens’ method, the 
calculation uncertainty precludes accurate resolution of composite systems from thus study.   
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2. Composites Flame Spread 
 
Composite materials, particularly fiber reinforced plastics (FRPs) are used in many 
different industries.  Composites are extensively used in transportation industries: commercial 
airplane interiors and components, rail vehicle bodies and interiors, bus bodies and interiors, and 
automobile interiors and components.  Public, commercial and residential occupancies also 
currently use FRPs on the component level and as part of their interiors.  In recent years, 
demonstration projects involving FRPs for bridge decks as well as other civil infrastructure have 
been undertaken.  Composites are also used extensively in amusement parks to construct 
elaborate facades and aesthetic elements.  Due in part to the DARPA MARITECH shipbuilding 
initiative, the use of composites in the marine industry is also growing. 
The reason for the burgeoning markets for composite materials is the numerous 
advantageous properties.  FRPs can be engineered to provide significant gains in strength, 
stiffness, and weight as opposed to more traditional building materials including steel.  
Furthermore such materials are highly durable and are resistant to many corrosive environments, 
thus the attraction for using such materials in the marine industry.  Even when subject to damage, 
composite materials have the added benefit of being easy to repair.1  Composite materials also 
provide flexibility of construction allowing nearly any shape to be fabricated. 
Yet, at this time there is a paucity of standards relating to composite material 
characteristics and fire performance of composite materials remains a major obstacle to 
expanded design application and wide acceptance for use in the “new” markets of the built 
environment.  The two major concerns in the use of composites remains the tendency for heat to 
weaken the polymer resin and the potential for the polymer resin to ignite and support flame 
spread, thus exacerbating a fire scenario and generating potentially toxic smoke,2,3.   
Furthermore, the potential for fire growth in an enclosed space can lead to a flashover condition 
where all materials in the enclosure begin to burn, thus making the enclosure un-survivable.  
Flashover in public occupancies would be particularly undesirable.  Efforts to improve the 
flammability of composites to date have included using fire-retarded resins, which may improve 
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the resistance of the material to exposure fires and may do little to alter the actual burning 
properties of the material.  The other option is to use a strongly charring resin such as a phenolic, 
though such resins are not always compatible with the application. 
2.1. MARITECH 
Composites and fiberglass reinforced plastic laminates have been used for many years in 
ship and boat building.  As the use of composites, such as glass reinforced plastics (GRP) 
becomes more prevalent with the improvement of materials, construction methods, and 
applications, there is an increased responsibility to ensure that the materials and thus the craft 
are safe for the passengers and crew.  A number of properties of composite materials make them 
a very desirable material to use in the construction of marine structures.   Composites are ideal 
because of their properties: high strength to weight ratio, durability and resistance to marine 
environments, ease of maintenance and repair, toughness (at low temperatures), low thermal 
conductivity, and the potential for seamless hull construction. However, the chief issues 
associated with the use of composite materials are flammability (heat release, flame spread, 
toxicity, and smoke production) and structural performance under fire exposure (i.e. the ability to 
carry loads during and following a fire).  Fire safety and the performance of composite materials 
when exposed to fire scenarios is but one aspect of the safe use of composites in marine 
construction.   
2.2. Composites Evaluation  
Evaluation of composite materials has developed to include measurement of flammability 
characteristics such as heat release rate, and smoke and gas production.  Yet, there still remains 
a lack of fundamental knowledge regarding composite flammability.  The inherent complexity of 
polymer matrix composite materials makes it difficult to predict their behavior when exposed to a 
fire or high heat flux.  Composites will selectively burn, produce smoke, release heat, chemically 
degrade, produce char, and delaminate. ,4,5  As a result, the use of composites in the built 
environment, in particular as combustible interior finish materials (wall and ceiling finishes), has 
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been dictated by test standards such as the ASTM E84 “tunnel test” that makes use of simple 
rank order ratings.6  In the “tunnel test” a sample is mounted on the horizontal ceiling of a 
channel.  A strong gas burner flame is blown across the ceiling as part of the overall forced air 
flow in the channel.  Forced flow flame spread is in the direction of the gas flames.  The “tunnel 
test” has been used to determine the relative burning behavior of a specimen and provides a 
means of creating a “rank-and-file” index, though providing little insight into the actual fire 
performance of the specimens.  It has been shown that the ASTM E84 tunnel test is not always a 
reliable indicator of material performance under actual fire exposure.  Some materials, including 
foam plastics, receive low flame spread indices when tested according to ASTM E84, yet support 
rapid flame spread in actual fire scenarios.7,8 
A more reliable indicator of combustible interior finish material fire performance in the 
built environment is the tendency of the material to support upward or concurrent mode flame 
spread.   Evaluation of upward/concurrent flame spread potential is accomplished via a 
room/corner test such as NFPA 2659, NFPA 28610 or ISO 970511.  These room/corner tests 
assess the fire performance of CIFMs in a realistic configuration.4,12 
The use of composites in the built environment is dictated by a number of governing 
bodies depending on the application.  For example the use of materials in automobile interiors is 
governed by the Federal Motor Vehicle Safety Standard (FMVSS) 302 as established by the 
National Highway Transportation Safety Administration. 13  The aim of the standard is to reduce 
the hazard of interior fires.  Similarly, the Federal Railroad Administration (FRA) and Federal 
Transit Administration (FTA) establish guidelines for the use of materials in passenger trains and 
light rail, subway cars, and buses.  The guidelines limit the selection of materials based on 
ignition resistance, flame spread, smoke density, and fire endurance tests to attempt to limit the 
flammability of materials used.14  Similarly, the Federal Aviation Administration (FAA) has 
established the Federal Aviation Regulations (FAR), based largely on full-scale tests carried out 
at the FAA Technical Center, for use of materials in commercial aircraft cabins.   The main finding 
of the tests was that occupant survival is possible until flashover occurs; therefore the heat 
release contribution of materials needs to be limited.  The tests also indicated that bench-scale 
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heat release measurements could be correlated with cabin flashover times.  As mentioned 
before, the use of composites in the marine industry is governed by the IMO.  The steps taken by 
the IMO represent a significant milestone for the use of composites in that modern fire test 
methods are used to establish performance objectives and criteria for “non-conventional” 
materials to be used in the built environment. 
Composite materials are also being used in a number of occupancies to develop artistic 
architectural elements.  The use of materials in any occupancy is governed by the local building 
codes which are often based largely or in whole on the traditional model building codes, such as 
the BOCA National Building Code15, the Uniform Building Code16, the Standard Building Code17, 
the new International Building Code18, or the NFPA Life Safety Code19.  In the model building 
codes, textile wall coverings are required to meet specific performance requirements when tested 
according to the UBC 8-220 or the NFPA 2659 room/corner test standards.   Examples of the 
requirements for textile wall coverings when tested according to NFPA 265 from the International 
Building Code are as follows: 
 
1. Flame shall not spread to the outer extremity of the sample on the 8-foot by 12-foot 
(2.4 m by 3.6 m) wall. 
 
2. The specimen shall not burn to the outer extremity of the 2-foot (610 mm) wide 
samples mounted in the corner of the room. 
 
3. Burning droplets deemed capable of igniting textile wall coverings or that burn for 30 
seconds or more shall not form. 
 
4. Flashover shall not occur. Flashover shall be judged to occur when two of the following 
conditions have been attained: 
 
4.1. A heat flux of 25 kW/m2 at the floor level. 
4.2. An average upper-air temperature of 1,200°F (649°C). 
4.3. Flames issue from the door opening. 
4.4. Spontaneous ignition of a paper target on the floor occurs. 
 
5. The maximum net instantaneous peak heat release rate, determined by subtracting the 
burner output from the maximum heat release rate, does not exceed 300 kW.18 
The principal requirements are that the material does not support flame spread to its 
outer extremities which would likely result in full involvement of the material and that the 
compartment is not brought to flashover. 21  In many configurations the dominant threat is most 
likely upward flame spread, as it is the most rapid mode of fire growth.  Room/corner tests contain 
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a dominant concurrent or upward flame spread element.  However, a drawback of room/corner 
tests is the sensitivity of composites to the initiating fire size, which varies from one test method to 
the next.22  For example, ISO 970511 requires an ignition fire of 100 kW for 10 minutes followed 
by 300 kW for the following ten minutes.  The objective of such an ignition scenario is to provide 
an incident flux to most of the eight -foot corner and then expose the ceiling to high incident fluxes 
in the second step.  The NFPA 2659or NFPA 28610 room/corner tests involve an ignition fire of 40 
kW for five minutes followed by a step to either 150 kW (NFPA 265) or 160 kW (NFPA 286).  
Room/corner tests, though relatively reliable in evaluating material fire performance, are cost 
prohibitive, time consuming, and are labor intensive.  Further, they require sophisticated 
instrumentation and large amounts of test material12. 
2.2.1. Screening Tools 
Due to the high cost of room corner tests, there has been tremendous effort in recent 
years to use bench-scale data, most often from the ASTM E135423 or ISO 566024 cone 
calorimeter, to predict full-scale behavior in the room/corner test.  As mentioned previously, it was 
found during the FAA tests that the time to flashover in the cabin could be correlated with heat 
release data from the cone calorimeter.  Several researchers have developed correlations based 
on bench-scale heat release data to predict the time to flashover in room/corner tests25,26,27   
2.2.1.1. Janssens criteria 
Research has gone into developing acceptance criteria for materials using cone 
calorimeter data.  One example is the cone calorimeter acceptance criteria developed for high-
speed craft, which attempts to isolate materials that perform well in both the full-scale and bench-
scale tests.   The recommended criteria at an incident flux of 50 kW/m2 are: 
20 sigt >  
2
60,max 60 kW/mHRR £  
220 MJ/mTHR £  
2
60,max 0.01 m sSPR <  
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20.005 m /savgSPR £  
Where igt is the time to ignition at the incident heat flux, 60,maxHRR  is the maximum 60-
second sliding average heat release rate, THR  is the total heat release, 60,maxSPR  is the 
maximum 60-second smoke production rate, and avgSPR  is the average smoke production rate.   
2.2.1.2. Modeling 
Bench-scale data can also be used as inputs into advanced predictive flame spread 
models to determine material performance on the large-scale.  Recent work has shown that 
predictive models can provide significant insight into the burning behavior of composite materials, 
though smoke production is poorly predicted.28,29,30,31 However, further work must be done to 
verify the accuracy and predictive ability of such models. 
2.3. Materials 
The two composite systems tested were chosen based on their thermal behavior and 
were similar to materials previously tested at WPI32,33 and are identical in composition to those 
used in the bench-scale cone calorimeter testing performed in this work.   A brief review of these 
previous studies is included in Appendix A.  The typical end use configuration of glass reinforced 
plastics, (GRP), consists of thin outer skin layer(s) and a core material.   Problems associated 
with testing GRP's in the end use configuration include delamination, edge effects, and thermally 
thin behavior. A nominally thermally thick GRP skin was tested as many analytical formulations 
and flame-spread algorithms have been developed using semi-infinite assumptions.  The 
“thermally thick” specimen consisted of eight layers of 560808 glass with a vinyl ester (VEX) 
resin.  A "thermally-thin" skin panel typical of that used in fast ferry construction, consisting of a 
one-layer GRP skin over a balsa core, was also tested to contrast its fire performance to the 
“thick” and to assess the present ability to model the burning of "thermally-thin" materials.   
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2.4. Modified ISO 9705 
2.4.1. ISO 9705 Compartment 
The test compartment used for the experiments was the standard fire test compartment, 
located in the WPI Fire Sciences Lab.  The compartment measures 3.6 m x 2.4  x2.4 m in height, 
with one door vent measuring 2.0 by 0.76 m centered on one of the short walls.  The walls and 
ceiling were covered with three layers of 1.6 cm (5/8") firecode sheet rock over a single layer of 
1.2 cm plywood.  The walls and ceiling are supported by a steel stud frame, connected to the 
steel floor platform.  The floor was covered with one layer of 1.6 cm firecode sheet rock, resting 
on a steel grating floor.  The test compartment was placed next to a large-scale hood, 2.4 m x 2.4 
m in dimension, to collect the products of combustion.  From the hood, the gas sampling line 
leads the oxygen depletion instrumentation, from which heat release rates will be calculated via 
oxygen consumption calorimetry.   The compartment is located within the WPI Fire Sciences 
Laboratory, thus providing a sheltered environment around the compartment.  The key 
parameters of the room calorimeter and large hood, necessary for calculating heat release rates, 
are summarized below. 
Table 1: Key Hood Parameters for Heat Release Rate Calculations 
Parameter Value 
Duct Cross Sectional Area 0.1256 m 2 
Hood Setting Flow Rate 
Maximum  4.69 m3/s 
Medium 3.23 m3/s 
Listed Flow Rates  
Minimum  1.18 m3/s 
Hood Setting C-Factor 
Maximum  0.953 
Medium 0.975 
Velocity C-Fators (Vavg /Vcl) 
Minimum  0.954 
2.5. Ignition Burner 
A standard ISO 9705 burner, with dimensions of 0.17 m by 0.17 m, was constructed of 
6mm (1/4) plate steel.  The propane fired burner was placed flush against the specimens in the 
corner of the test compartment, approximately 0.3 m (12 inches) off the compartment floor.  The 
propane gas was fed into the burner through a heat resistant 1.77 cm (1/2") i.d. tubing, attached 
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to a 1/2" stainless steel Swagelok compression fitting welded into the base of the burner.  The 
gas is then diffused by the lower layer of 8 mm gravel and the upper layer of 2 to 4 mm sand.  
The flow rate of propane was controlled through use of a dual stage regulator and needle valve 
system and monitored via a previously calibrated rotometer.  The mass flow of propane was 
monitored by recording the mass loss of the propane through use of a load or weigh cell.   The 
schematic of the burner setup can be seen in Figure 1. The propane that will be used for the fuel 
has the properties listed in Table 2.   
Table 2: Propane Properties  
Property Value for Propane -- C3H8 
(CAS Registry 74-98-6) 
Molecular Weight 44.11 kg/kgmole 
Density* 2.07 kg/m3 
Heat of Combustion (chemical) 43.7 kJ/g 
Lower Flammable Limit 2.1% 
Upper Flammable Limit 9.5% 
*At a pressure of 1.15x105 kPa, a temperature of 21C 
. 
2.5.1. UBC 8-2 screening specimen, 4’ square ceiling 
The test scenario was based on the full-scale room corner test as outlined in ISO 9705.  
The wall-lining configuration is similar to the screening test protocol of UBC 8-234.  The screening 
specimen is 0.61m wide and is installed on both walls of the corner from floor to ceiling, and 
along the full length of the upper portion of those walls that make up the corner.  Additionally, a 
1.22m square ceiling was installed in the burner corner.   
2.5.2. CISS 
The ignition source was varied according to the Critical Ignition Source Strength 
(CISS)35,36 concept. The CISS represents the minimum ignition fire, which when exceeded, 
causes sufficient flame spread over a combustible interior finish material (CIFM) to result in 
flashover conditions.37  For the compartment used in these experiments, according to Thomas’ 
correlation, a fire exceeding 1200 kW is sufficient to cause flashover. 38  By coupling the exposure 
“threat” and the resultant fire growth, the CISS methodology provides a “more realistic” and subtle 
modeling challenge.36 
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Each of the experiments were videotaped and still pictures will be taken with a digital 
camera before, during, and after the fire.    The visual documentation will be used to evaluate the 
growth of the fire during the course of the experiment and the subsequent burn patterns.  This 




3. Material Properties and Model Parameters 
Current models used for material evaluation and predicting fire behavior often use a 
minimum of mechanisms in their formulation in order to simplify the problem.  In doing so, the 
processes most often incorporated include: ignition, burning rate, flame spread, and fire growth.  
To model each mechanism, equivalent properties are required in the formulations.  These 
properties are in one sense merely mathematical coefficients, but they should also reflect actual 
material behavior.  The determination of such properties for accurate model prediction must be 
unambiguous and consistent, as is done in standardized testing.  However, historical 
inconsistency in modeling results could indicate that experimental procedures are inadequate to 
appropriately define material properties that differentiate material burning behavior.   
Material properties for use as model inputs can be derived, along with resultant 
uncertainty, from standard Cone Calorimeter testing.  The parameters of interest are listed in 
Table 3. 
Table 3: Material “properties” or model parameters 
Property or Parameter Symbol Test Method/Apparatus 
Ignition Temperature Tig ASTM E1321 / Cone or LIFT 
Minimum Heat Flux for Ignition q”min ASTM E1321 / Cone or LIFT 
Critical Heat Flux q”crit ASTM E1321 / Cone or LIFT 
Thermal Inertia krc ASTM E1321 / Cone or LIFT 
Minimum Temperature for Lateral Flame Spread Ts,min ASTM E1321 / LIFT* 
Lateral Flame Spread Parameter F ASTM E1321 / LIFT* 
Effective Heat of Combustion DHc ASTM E1354 / Cone 
Effective Heat of Gasification L ASTM E1354 / Cone 
Total Energy per Unit Area Q” ASTM E1354 / Cone 
*Note: No LIFT testing was conducted in this work so no data is available for Ts,min or F. 
 
Components of relatively simple flame spread models that make use of the previously 
listed parameters, are time to ignition ( igt ), burning or mass loss rate (
"m& ), heat release rate 
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( "Q& ), time to burnout ( bt ).  Examples of such simple flame spread expressions are included in 
Table 4. 
Table 4: Components and their expressions of simple flame spread algorithms.   
Model Component Expression 
























" && = [2] 












Note: The net heat flux to the material "netq& is dependent on the total heat release rate
"Q& .   
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4. Testing Protocol 
 
A series of full-scale room/corner and bench-scale cone calorimeter tests were carried 
out on two vinyl-ester (VEX) composite systems to characterize flame spread and fire 
environment behavior and gather necessary material data for composite characterization and 
compartment fire model calibration.   
The test compartment used for the full-scale room-corner test experiments was the 
standard ISO 970539 test compartment (Figure 2) located in the WPI Fire Sciences Laboratory.  
The walls and ceiling were covered with three layers of 5/8” (0.016 meter) firecode sheet rock.  
The tests were conducted under a large hood to collect the products of combustion and allow 
calculation of heat release rate (HRR) via oxygen consumption calorimetry 40,41.  The wall-lining 
configuration is similar to the screening test protocol of UBC 8-242.  The screening specimen is 2 
feet (0.61 meters) wide and is installed on both walls of the corner from floor to ceiling, and along 
the full length of the upper portion of those walls that make up the corner.  Additionally, a four foot 
(1.22 meters) square ceiling was installed in the burner corner.  The layout of the screening 
specimen is shown in Figure 3. Although, the room was not fully lined on three walls as specified 
in ISO 9705, it was determined that a significant enough fuel load existed to result in a flashover 
condition within the compartment.  Furthermore, if flame spread extended to the edges of the 
screening samples then the material would have failed the requirements of the building code.  
The ignition source used was a 0.55 foot (0.17 meter) square propane fired sand burner, 
approximately 1 foot (0.3 meters) off the floor, placed flush against the specimen surface.   
The ignition source was varied according to the Critical Ignition Source Strength 
(CISS)43,44 concept. The CISS represents the minimum ignition fire, which, when exceeded, 
causes sufficient flame spread over a combustible interior finish material (CIFM), such as the 
composite systems, to result in flashover conditions.45  The CISS can be used as a performance 
criterion that indicates the size of the igniting source needed to cause flashover, thus coupling the 
exposure threat and material combustions response.  For the compartment used in these 
experiments, according to Thomas’ correlation, a fire exceeding 1200 kW is sufficient to cause 
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flashover. 46  By coupling the exposure “threat” and the resultant fire growth, the CISS 
methodology provides a “more realistic” and subtle modeling challenge25 as opposed to the 
standard ignition of 100 kW for 10 minutes, followed by 300 kW for an additional ten minutes. 
Bench-scale testing was conducted using the cone calorimeter (ASTM E1354 or ISO 
5660) located at the WPI Fire Sciences Laboratory.  Tests of the composite systems were 
conducted at incident fluxes ranging from 10 or 15 to 90 kilowatts-per-square-meter (kW/m2) in 
order to gather ignition data for analysis according to ASTM E1321.  Two surface conditions were 
tested for each material, (1) untreated and (2) blackened with approximately 0.5 grams of 
activated carbon to provide a non-transmissive surface.  Approximately 40 tests were conducted 
for each material system. 
Also, an infrared camera was utilized to determine spectral properties, such as emissivity, 
transmissivity, and reflectivity of the GRP materials47 with both the untreated and blackened 
surfaces. 
Prior to testing, the materials were stored in the WPI Fire Sciences Laboratory which is 
maintained at approximately 20 +/- 5 8C and 50 percent relative humidity. 
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5. Material Description 
Composite materials tested in this project consisted of two distinct vinyl ester composite 
systems, manufactured and provided by TPI, Inc. in Warren, Rhode Island.  Nominally identical 
materials were provided for both the room-corner tests and the bench-scale testing.  The two 
composite systems, pictured in Figure 4 and Figure 5 were chosen based on their thermal 
behavior and were similar to materials previously tested at WPI,48.  The typical end use 
configuration of glass reinforced plastics, (GRP), consists of thin outer skin layer(s) and a core 
material.   Problems associated with testing GRP's in the end use configuration include 
delamination, edge effects, and thermally thin behavior. A nominally thermally thick GRP skin was 
desirable as many analytical formulations and flame-spread algorithms have been developed 
using semi-infinite assumptions.  The “thermally thick” specimen consisted of eight layers of 
560808 glass with a vinyl ester (VEX) resin.  A "thermally-thin" skin panel typical of that used in 
fast ferry construction, consisting of a one-layer GRP skin over a balsa core, was also tested to 
contrast its fire performance to the “thick” and to assess the present ability to model the burning 
of "thermally-thin" materials.  
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6. Uncertainty 
6.1. Types of Uncertainty  
In performing fire protection analyses, whether it be a life safety evaluation or prediction 
of material behavior, there are several parameters and inputs that are required.  As a result, there 
are several types of uncertainty that need to be addressed in order to properly evaluate model 
outputs.  Uncertainties arise in model physics and assumptions made to develop models, the 
values of the inputs, reliability of devices and/or instrumentation, and the frequency of events.  
Uncertain parameters that arise in performance-based analyses include model inputs, structure, 
and output 49.  Model inputs can take two forms; empirical quantities such as heat release rate or 
smoke production rate and defined constants.  Defined constants are certain by nature and are 
thus distinguishable from empirical quantities, whose uncertainty can be represented in 
probabilistic terms.  Such uncertainty is the focus of the present work.  Uncertainty also arises in 
how the model domain is defined such as the size of the control volume modeled in zone model 
analyses or the grid size and number of cells used in computational fluid dynamics studies.  
These parameters are not often given much attention, though model output can vary significantly 
depending on the domain structure.  Model outputs or outcome criteria are dependent upon the 
input parameters.  Therefore, the uncertainty of outcome criteria needs to be determined by the 
treatment of the input uncertainty.   The present work is focused mostly on uncertainty inherent in 
the experimental procedures and calculations used to develop material properties or model input 
parameters.  The sources of experimental uncertainty include instrumentation limitations, daily 
variations in the environment and test parameters, and simplifications inherent in theories used to 
derive properties. 
6.2. Dealing with Uncertainty  
A number of analysis tools exist for evaluating and understanding uncertainty in 
engineering analyses49.  One of the current practices adopted in life safety evaluations to address 
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and account for the uncertainty of input parameters, especially where models are used, is to 
apply a safety factor to the results, either some additive amount or multiplier.  Without adequate 
guidance, such an approach may overstate the accuracy of a model’s predictions.  A second 
approach to accounting for model uncertainty is to perform a sensitivity analysis where the input 
parameters are varied by some amount to determine the effect of a certain percentage change in 
the inputs on the resultant prediction.  The primary restriction is that quantification of the 
uncertainty or potential variation of input variables is rarely available.  The magnitude of the 
variation of the input material properties has been based largely on literature values plus-or-
minus some arbitrary percentage of the base or mean value.  When model parameters are 
developed from experimental work, uncertainty has traditionally been dealt with by saying that a 
certain experimental result or calculation method is “accurate to within +/- 5%.”  Such an 
anecdotal approach is applied only to certain techniques, such as oxygen consumption 
calorimetry, and not to all experimental measurements.  Because uncertainty is not often dealt 
with in experimental measurements, it is rarely dealt with in model evaluations aside from 
arbitrary sensitivity or parametric analyses.  However, such an approach may overstate or 
understate the uncertainty of a given input variable.  A formal approach to evaluating uncertainty 
in input parameters would provide a more comprehensive basis for evaluating the uncertainty in 
model outputs.  This approach would deal only with “hard” inputs that come from laboratory 
measurements and not “soft” inputs dealing with subjects such as human behavior50. 
6.3. Experimental Uncertainty  
Regardless of the care taken in experimental procedures, there are errors in 
measurements due to instrument limitations or conditions that are intrinsic to the environment.  
Errors in measurements can take two principle forms, systematic and random errors51.  
Systematic errors result in bias and can be accounted for with calibration of instruments against 
known quantities.  Random errors result in a dispersion of measured values and are often 
represented as an upper and lower bound on measured properties.  The resulting errors in 
measurement will propagate through subsequent calculations.  This is of importance because 
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many physical quantities or parameters cannot be measured directly with a single measurement, 
rather through calculation from other measurements through some functional relationship52.  For 
example, heat release rate is not measured directly, rather through oxygen depletion (and/or 
species production), gas temperature, and pressure measurements.  The measurements are 
combined in an analytical equation with an approximate scaling factor, E, that relates the amount 
of heat released to the mass of oxygen consumed.  Errors in the three measurements and the 
uncertainty in the E parameter result in a level of uncertainty in the quantity of interest.   It can be 
seen that most measurements involve the two steps of measurement and subsequent calculation.  
As a result, the determination of uncertainty in the measurements also requires two steps; (1) 
determination of the uncertainties of the direct measurements, and (2) determination of how the 
uncertainties “propagate” through calculations and affect the final answer or derived quantity of 
interest. 
6.3.1. Measurement Uncertainties  
The primary source of experimental uncertainty comes from direct measurements and is 
a result of the resolution of the scales used and the proper definition or framing of the quantity to 
be measured52.  The latter can also be referred to as operational uncertainty.  Further uncertainty 
results from random variation of the subjects being studied, such as differences in materials due 
to inconsistencies in manufacturing processes.  Measurement uncertainties are classified as 
Type “A” if they are determined from data via from statistical methods, such as the average signal 
noise in electronically collected data, or Type “B” if they are based on judgments, specifications, 
or experience, such as a measurement being accurate to within some percentage of the entire 
scale53.  Experimental measurements will likely include both types of measurement uncertainty. 
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6.3.1.1. Propagation of Uncertainties  
The manner in which uncertainties will propagate through calculations will depend on the 
nature of the calculation.  When the desired quantity is a function of several independent 
variables, sensitivity coefficients are used to evaluate the uncertainty54.  Sensitivity coefficients for 
each measured quantity are determined from the partial differentiation of the formula for the 
desired quantity with respect to the measured quantities.  They represent the relative sensitivity of 
the final calculated quantity to each of the variable inputs (x, y, z).  The form of the equation used 
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6.3.1.2. Uncertainty in Best-Fit Lines  
A number of material property calculation methods, including those for determining 
ignition properties, involve plotting and determining the slopes of best-fit lines.  The slopes are 
then substituted into other expressions in order to calculate parameters such as the thermal 
inertia (krc) or the effective heat of gasification (L).  In almost all instances, the best-fit line is not 
a perfect correlation to the data and there is some variation between the ordinate or yˆ  value 
predicted from the best-fit line and the actual, recorded y  value.  Typically, the “goodness” of 
correlation, or the proportion of the variation in y  that is explained by the linear relationship with 










=   [6] 
The closer the r2 value is to unity, the better is the linear relationship.   Such a parameter 
is not of an applicable form for use with equation [5].  Instead, it is necessary to use the standard 
deviation of the slope of the best-fit line, which has the following form:  
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The resultant value represents the absolute uncertainty of the slope of the line, which can 
be used with the sensitivity coefficient to determine the uncertainty of the calculated material 
parameter.  This method can be used for any quantity derived from the slope of a best-fit line.  
Also, for methods that also depend on the intercept values of the best fit line, the standard 
deviation from the line can be used to approximate the uncertainty of the y-intercept .  The 
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7. Determining Material Properties  
7.1. Surface Properties 
Although surface conditions such as emissivity and/or absoprtivity have often been 
ignored or assumed to be unity in data reduction techniques, it was decided to evaluate the 
surface conditions using IR camera techniques.  An Inframetrics Model 760 infrared camera was 
used in order to determine the optical properties of the glass and vinyl ester skins in addition to 
the entire composite systems.   Skin thicknesses of one, two, four, and eight layers were tested 
for their transmissivity while the complete systems (eight-layer and one-layer over 1” balsa) were 
tested for emissivity and reflectivity.   
Testing the emissivity of the composites in both the untreated and blackened surface 
conditions involved heating the material as uniformly as possible using a heat gun and taking 
thermal images of the material surface.  In the center of the material is a piece of tape of known 
optical properties.  A temperature reading is taken at the appropriate emissive/absorptive level of 
the piece of tape.  The emissive/absorptive setting is then adjusted in order to match the 
temperature measurement of the tape with that of the material surface.  In doing so it was found 
that the untreated materials appeared to have emissivities in excess of unity, which is not 
possible. When the blackened surfaces were tested, it was found that the material surface then 
exhibited an emissivity of 0.92 +/- 0.02.   
 As a result of the peculiar results with the untreated surface emissivity tests, it was 
decided to test the skin materials for reflectivity and transmissivity.  The procedures for testing 
these properties requires the use of a heater element, whose irradiance could be measured.  For 
the transmissivity test, a cartridge heater was inserted into an aluminum block to diffuse the heat 
some and provide a large enough surface for measurement.  The aluminum block was housed in 
a ceramic fiberboard housing so that only one surface was visible.  The temperature of the 
heating block was allowed to reach stead-state, at which point the irradiance of the block was 
measured using the IR camera.  The test set-up is pictured in Figure 6.  The GRP skin was then 
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placed in front of the heating element and the new irradiance level was measured.  The ratio of 
the second to the first measurement provides an estimate of the transmissivity.  It was found that 
a one-layer skin has a transmittance of 0.04., a two-layer skin has a transmittance of 0.02, and 
skins of four or more layers appeared opaque to radiation, indicative of absorption at depth.  All 
skins blackened with carbon appeared opaque to radiation.   
Reflectivity of the materials is tested by measuring the irradiance that can either be 
measured directly or det ermined from the relationship t=1-r-e.  The test set-up for measuring 
reflectivity is pictured in Figure 6.  Again, the ratio of the reflected radiance off the material 
surface and the directly measured irradiance of the heating block provides the measure of 
interest.  The directly measured reflectivities for the blackened surfaces were consistent with 
predicted values.  However, measured reflectivities for untreated surfaces were inconsistent. 
7.2. Combustion Properties 
Bench-scale cone calorimeter (ASTM E135455, ISO 566056) tests were carried out on the 
two composite systems to gather material fire properties necessary as model inputs for fire 
spread algorithms57; including heats of combustion, heats of vaporization, heat release rates, and 
gas yields. Time to ignition data is used to develop material properties including thermal inertia, 
critical or minimum heat flux, and ignition temperature from several models including that of 
Quintiere and Harkleroad58, Janssens 59,60, and Delichatsios 61,62.  Time to ignition data was 
determined both with the material surfaces bare and coated with a thin carbon layer.  Also, an 
infrared camera was utilized to determine spectral properties, such as emissivity, transmissivity, 
and reflectivity of the GRP materials63. 
A systematic method for determining material properties, similar to that proposed by 
Dillon,  57 has been used.  In addition, methods for determining the uncertainty in the measured 
and calculated properties have been applied. 
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7.2.1. Cone Calorimeter Measurements 
The heat release rate measurement is often regarded as the most important 
measurement and property developed from cone calorimeter testing, since the heat release rate, 
measured via oxygen consumption calorimetry, is used in many classification and correlation 
techniques 64.  In addition, the heat release rate is integrated in order to determine the total heat 
released per unit area of the sample over the period of the test, which as mentioned before is 
often used in flame spread algorithms or fire models as a representation of the total amount of 
fuel available prior to burnout.  Determination of heat release rate from the cone calorimeter is not 
a direct measurement, rather it requires a minimum of three measurements including the oxygen 
concentration in the sampling line used to determine the amount of oxygen consumed in the 
combustion process, the temperature of the products of combustion in the duct, and a pressure 
measurement across an orifice plate to determine flow rates in the exhaust duct.  The 
measurement technique is based on the observation that most materials release a relatively 
constant amount of heat energy per the unit mass of oxygen consumed (13.1 kJ/gO2).  The 
equation for calculating heat release rate in the cone calorimeter is56: 
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7.2.1.1. Uncertainty in Combustion Properties  
Most of the factors that contribute to the heat release equation have some level of 
uncertainty associated with them.  Some are expressed in terms of an absolute uncertainty, while 
others are given in terms of a relative uncertainty (e.g. 0.1% of the measured range).  The 
sources of uncertainty within the heat release equation are as follows: 
· The E factor has been found to relate heat release rate within five percent for most 
materials, and thus has a relative uncertainty of 0.05 or an absolute uncertainty of 
655 kJ/gO2. 
· The C- or calibration factor is prescribed by the test standard to fall nominally within 
the range of 0.040 to 0.046, which is equivalent to an approximate 5% daily variation. 
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· Measurement of the pressure drop across the orifice plate, used to calculate air 
velocity in the duct, has a relative uncertainty of 0.1% based on the instrument 
specifications. 
· Temperature measurements are made with thermocouples, with an absolute error of 
2.2 K. 
· The molar expansion factor, a, is the ratio of the number of moles of combustion 
products to the number of moles of reactants.  The relative uncertainty of this ratio is 
approximately 10%. 
· Oxygen measurements in the cone calorimeter are performed with a paramagnetic 
oxygen analyzer, which is prone to both systematic and random errors.  The analyzer 
can show bias and drift, accounted for through scaling factors and offsets developed 
from daily calibrations and statistical data.  In addition, the oxygen analyzer has 
random error, in that it is accurate to within 0.1% of the measured scale, due in part 
to the resolution of the paramagnetic cell but also to changes in ambient temperature 
and pressure throughout the test.  The error associated with the oxygen analyzer 
results in uncertainty in the instantaneous O2 measurement and in establishing the 
ambient concentration, found from a statistical analysis of baseline data. 
 
There are other sources of uncertainty associated with cone calorimeter testing including 
variations in ambient pressure and humidity, preparation and conditioning of the test samples, 
expansion of the duct and orifice plate with heating, measurement of test incident flux, and 
variation in spacing of the specimen from the cone heater.  Although these uncertainties do not 
appear in a quantifiable form in the heat release equation, there is an overall effect on the heat 
release rate calculation.  Because the contributions of the uncertainties of the various parameters 
that make up the heat release rate equation can be considered independent of each other such, 































































































The partial derivatives of the heat release rate equation with respect to each variable are 
known as sensitivity coefficients and are an indication of how much the calculated quantity, in this 
case heat release rate, is affected by variations in each variable.   From the results of the 
uncertainty analysis performed on the heat release rate, using the peak heat release observed 
during a cone test of the thick GRP at an incident flux of 50 kW/m2 as an example, it was found 
that the relative uncertainty at the peak heat release rate of 1.86 kW (186 kW/m2) was 
approximately 11%.  The calculated uncertainty in the heat release rate was consistent with the 
analysis performed by Enright52.  The results of the analysis also indicated that the measurement 
of the oxygen concentration and the calibration, C, factor are the largest contributors to the 
uncertainty in the calculation of heat release rate.   
7.2.2. Total Energy per Unit Area (Q”) 
From the calculated heat release rate it is then possible to integrate, via a trapezoidal 
numerical method, the heat release rate and determine the total heat released per unit area of 
fuel, one of the parameters for flame spread algorithms such as Quintiere’s65, for the material 
tested.  For this study a one-second time step was used.  Therefore, the total heat released is 
essentially a summation of the instantaneous heat release rates as shown in the following 
equation.   
( ) ( ) ( ) ( ) ( )[ ] ( )































For this calculation, the associated uncertainty, according to Taylor54, would merely be 
the sum of the uncertainty in the instantaneous heat release,?
"" å=¶ QQ &d .  The result of this 
analysis yields the following typical values for tests conducted on each material system at an 
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incident flux of 50 kW/m2.: Q” = 190 +/- 30 MJ/m2 (16%) for the thick GRP and Q” = 59 +/- 7 
MJ/m2 (12%) for the thin GRP system.  The results for Q” are summarized in Table 5.   
In analyzing the data from the cone calorimeter tests, it was found that there was greater 
reproducibility in terms of total energy for the tests conducted for either material without the edge 
frame as opposed to the tests produced with the edge frame.  This is due primarily to the 
subjective nature of the decision when flame out occurs and the quality of the seal between the 
edge frame and the material to prevent edge effects and edge burning.  In addition, it was noted 
throughout testing conducted with the frame that there was significant dripping and burning from 
the bottom of the frame due to melting material, particularly with the thick specimens, late in the 
tests.  As a result, the test duration, total heat release rate, and average heat release rate values 
are impacted due to the observed melting behavior. 
Table 5:  Total energy or heat released for both the “thick” and “thin” GRP tested at an 
incident flux of 50 kW/m2 without the edge frame. 
Total Heat 
Released (Q”) Uncertainty (dQ”) 
Percent Error 
(dQ”/Q”) Test Number Material 
[MJ/m2] [MJ/m2] [] 
021500-6 “Thick” GRP 191 29 0.15 
021500-7 “Thick” GRP 192 29 0.15 
021700-1 “Thick” GRP 192 31 0.16 
021700-2 “Thick” GRP 185 30 0.16 
Mean 190 30 0.16 
Median 191 29 0.16 
Standard Deviation 3 1 0.005 
021500-4 “Thin” GRP 60 8 0.13 
021500-5 “Thin” GRP 63 8 0.13 
021700-3 “Thin” GRP 56 7 0.12 
021700-4 “Thin” GRP 59 7 0.12 
Mean 59 7 0.12 
Median 59 7 0.12 
Standard Deviation 2 1 0.004 
Note:  All tests used for calculating total energy and heat of combustion at an incident flux of 50 kW/m 2 were performed 
without use of the edge frame; all other tests used for calculating the heat of gasification were conducted with the edge frame. 
7.2.3. Effective Heat of Combustion (DHc) 
The total amount of energy released per unit mass of fuel is a constant, intensive 
property known as the heat of combustion (DHc).  The gross heat of combustion is determined in 
oxygen bomb calorimetry, in which a material is forced to completely combust in a pure oxygen 
atmosphere.  However, the gross heat of combustion does not necessarily reflect the observed 
burning behavior of materials in more realistic, non-ideal conditions.  This is especially true for 
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composite materials, such as those in this study, that display char formation, moisture 
evaporation, and other effects that result in a reduced burning characteristics.  As a result, it is 
preferable to determine an effective heat of combustion DHc,eff, that represents the amount of heat 
released per unit mass of fuel while burning in realistic conditions, such as in the cone 
calorimeter.  The definition for the effective heat of combustion is: 
"" mHQ c && D=  [12] 
where "Q& is the energy release rate per unit area (kW/m2) and "m& is the mass loss rate per unit 
area (g/s-m2).  The above definition accounts for all mass lost in the course of test, which can 
include moisture loss and not just fuel vaporization and leads to variability within and across tests. 
The cone calorimeter standard specifies two approaches to calculating the heat of 
combustion.  The first is to calculate the instantaneous or time-varying heat of combustion as: 







=D  [13] 
where ( )tQ "&  and ( )tm "&  are the heat or energy release rate and mass loss rate per unit area at  
time t.  The average heat of combustion is calculated from the integrated or total energy released 
during the test Q  and the integrated or total mass lost m . 
m
Q
H c =D  [14] 
As an intensive material property, the heat of combustion should not vary with 
temperature, burning rate, or incident heat flux.  However, due to inconsistencies in previous 
cone calorimeter data that resulted in significant fluctuations throughout and across tests, Dillon57 
recommends three approaches in order to determine the effective heat of combustion.  These 
methods are to (1) use a single data point at the peak heat release rate and related peak burning 
rate, (2) use an average energy release rate around the peak (e.g., values within 20% of the peak 
heat release rate), and (3) the overall energy released during the test.  In addition, a fourth 
method of averaging the instantaneous calculated values, as outlined in the cone standard(s), will 
 35 
be used.  Figure 7 and Figure 8 show examples of the peak, peak average, and average heat 
release rates for the “thick” and “thin” GRP, respectively.  For the methods that make use of the 
peak heat release rate or peak average heat release rate, the calculated heat(s) of combustion 
do not necessarily reflect the maximum heat of combustion, rather the heat(s) of combustion 
associated with the peak heat release rate or peak average heat release rate.   
Heats of combustion have been determined from all of the cone calorimeter tests and 
have been included in Table 6 with the calculated uncertainty and standard deviation between all 
of the test results.  The heats of combustion for both material systems are in good agreement  
(22.0 +/- 3.0 kJ/g), as would be expected for identical vinyl ester resin materials.  The calculated 
uncertainty is a reflection of the accuracy of the various methods, while the standard deviation is 
indicative of the precision of the determination of the material property.  The highest degree of 
accuracy and precision is achieved with the peak average heat release rate method, which 
makes intuitive sense as the method does not rely on a single data point and makes use of data 
in which the mass loss or burning rate should be well above the inherent signal noise or 
instrument uncertainty of the cone calorimeter load or weigh cell. 
Table 6: Average effective heats of combustion values calculated by each of the 
four described methods, with calculated uncertainties (d) and standard deviations (s). 
avgcH ,D [kJ/g] avgtestcH ,D [kJ/g] peakcH ,D [kJ/g] angpeakcH ,D [kJ/g]  
Value d s Value d s Value d s Value d s 
“Thick” 24.3 6.0 2.2 23.1 -- 2.0 22.8 3.4 3.0 22.6 3.8 1.8 
“Thin” 19.6 4.5 2.7 19.0 -- 2.0 22.6 2.3 3.0 21.5 2.3 2.0 
Overall 21.8 5.2 3.4 21.0 -- 2.8 22.7 2.9 3.0 22.0 3.0 2.0 
 
7.2.4. Effective Heat of Gasification (L) 
When exposed to an external heat flux and during combustion, materials will vaporize at 
a rate dependent upon the magnitude of the net heat flux.  In a cone calorimeter or in other test 
apparatus, the material is heated by the heater(s) and the flame.  Heat is lost from the surface of 
the material in the form of radiation.  The vaporization or burning rate can be expressed in terms 












where "eq&  is the incident flux, 
"
frq&  is the flame radiative heat flux transferred to the surface, 
"
fcq&  is 
the flame convective heat flux transferred to the surface, "rrq&  is the surface re-radiative loss, and 
L  is the heat of gasification.  The heating from the flame can be expressed as: 
( )sffffcfr TThTqq -+=+ 4"" se&& [16] 
The surface losses can be expressed as: 
( )44" essrr TTq -= se& [17] 
 It has been shown in previous work that, for a given material over a wide range of 
incident fluxes, the heat transfer from the flame to the surface is relatively constant.66,67  Other 
work suggests that the surface temperature for a material tested in the cone calorimeter is a 
constant vaporization temperature, vT , that can be approximated as the ignition temperature, igT , 
for thermoplastic materials.  The surface temperature for charring materials is likely to be higher 
than the ignition temperature due to the development of a char layer.  Therefore, from equation 
11, the re-radiative surface losses can also be assumed to be relatively constant.68  As a result, 
the burning rate and, assuming a constant effective heat of combustion, the heat release rate are 
linearly dependent on only the external or incident flux from the cone calorimeter heating element.  
Therefore, the heat of gasification can be determined from the slope of the best-fit line of the 








D» "" &&  [19] 
 The heat of gasification is an effective property that represents the amount of energy 
required to vaporize or produce fuel vapors per unit mass of material.  The model does not 
account for transient burning effects and assumes a steady burning rate upon ignition until all fuel 
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is consumed at burnout ( bt ), at which point the burning or mass loss rate drops to zero.  Actual 
burning behavior is more complex, but assuming a steady -state phase change model, as implied 
by the heat of gasification model, allows flame spread and fire growth to be predicted from model 
parameters that are relatively easy to obtain from bench-scale testing, as in the cone calorimeter.  
Further, by determining the heat of gasification from the slope of the best-fit line, phenomena 
such as charring and other losses are implicitly included in the calculation of the property.  
Dillon57 recommended a number of methods using different portions of the cone calorimeter heat 
release rate curve, analogous to the methods proposed for determining the heat of combustion 
that make use of the peak, peak average, average and overall average mass loss and heat 
release rates.  Also, because of inconsistency between methods, it was decided to use a number 
of other average heat release rate values, as are typically reported in cone calorimeter test 
reports including the heat release averages for the first 60, 180, and 300 seconds after ignition 
(HRR60, HRR180, and HRR300), as well as the maximum 30 second average heat release rate 
(HRR 30s,max).  
In determining the slopes of best fit lines and calculating heats of gasification, it was 
noted in several instances that there was very poor correlation in terms of r2 values if the all of the 
data was used.  For the “thick” GRP in particular it was found that heat release rates at low heat 
fluxes exceeded those at higher incident fluxes, contrary to theory.  As a result, lines were fit not 
only to the full data sets but also selected data sets, in order to achieve improved linear 
correlation(s).  An example of the full data set versus the selected data set is pictured in Figure 
11.  
Evident from the results of the analysis, summarized in Table 22, is that a number of the 
methods also predict L values that are greater than the heat of combustion values, which 
theoretically are impossible, but result due to the complex charring and layered burning behavior 
of the composites used in this study.  Also apparent is a high level of inconsistency between 
methods even with the “selected” data sets, particularly between “peak” and “average” values.  
The values determined directly from the mass loss rates are typically more inconsistent and have 
higher related uncertainties than do values determined from the heat release rate data and heats 
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of combustion.  The heats of gasification determined using either “peak” or “peak average” data 
are consistently lower than the values determined using the “average” data for both materials.  
For the thick GRP, the Lpeak is determined to be 20.6 kJ/g while the Lpeak avg increases to 22.9 
kJ/g, and the Lavg value is 35.0 kJ/g.   This sort of behavior can be explained in terms of the 
material construction.  The “thick” GRP is made up of 8 layers of glass blanket infused with resin.  
Early during burning the resin at the surface and in the first layer is burnt away leaving the glass 
blanket in place to serve as an insulating barrier.  Later in the test, greater energy is required to 
vaporize fuel volatiles because of the insulating glass blanket.  Similar behavior, in terms of an 
increase in L from that determined with the peak data as opposed to the average data, is 
observed with the “thin” GRP.  Like with the “thick” GRP, once the resin ignites and burns from 
the surface skin, the glass remains in place to serve as an insulating blanket, protecting the 
combustible fuel beneath.  Unlike the “thick” GRP, the combustible fuel and resin beneath the 
surface skin with the “thin” GRP is within the balsa core, which chars and forms an additional 
insulating barrier.  Heat must not only penetrate the surface glass blanket, but also liberate fuel 
volatiles and resin that has been infused in the balsa core, which may explain the large increase 
between Lpeak and Laverage.  This hypothesis is supported by the heats of gasification values 
determined from the HRR60, HRR180, and HRR300.  The HRR60 data is indicative of early 
surface burning where the resin in the topmost layer or skin has not yet burned off.  The heats of 
gasification determined from this data are very similar to the Lpeak values.  With increasing time, 
the resin in the top layer is consumed and the layer begins to act more as an insulator and a 
physical blockage for escaping vapors, which is reflected in the increasing heat of gasification.  
The implication for fire growth modeling is that a constant heat of gasification may not be a 
suitable assumption for a layered composite such as those of this study. 
Calculated heats of gasification for the “thick” GRP are greater than those for the “thin” 
GRP, even for peak values and early in the cone calorimeter tests.  The contrast in values of heat 
of gasification between the two material systems can also be explained in terms of material 
construction.  The “thick” GRP is a relatively dense material with a large thermal mass.  The 
“thick” system can be considered as a 1-layer GRP skin over a 7-layer GRP core of high thermal 
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inertia.  In contrast, the “thin” GRP is 1-layer GRP skin over a low thermal inertia, insulating core 
material.  When exposed to a radiant flux, a larger amount of heat is lost from the surface skin of 
the “thick” GRP than is lost from the “thin” GRP skin.   As a result, less heat is required to 
vaporize fuel volatiles from “GRP” than from the “thick” system. 
7.3. Ignition Properties 
Methods for determining ignition properties such as thermal inertia (), minimum or critical 
heat flux (), and ignition temperature (), are based on two basic assumptions that (1) most organic 
solids can be treated as semi-infinite, especially if the material and the substrate are taken 
together, and (2) piloted ignition occurs when the material reaches a threshold “ignition” 
temperature.  If it is assumed that the radiative part of the surface heat losses can be linearized, 
the equation for the surface temperature of a semi-infinite solid undergoing radiative heating of a 



































where h  is the cooling coefficient for linearized heat losses to the environment at the ambient 
temperature, ¥T .  The previous expression has served as the basis for most simple ignition 
models, several of which will be explored in turn. 
7.3.1. High Flux Approximation 
7.3.1.1. Calculation Procedure 
Several authors have suggested using an approximate solution alternative to equation 20 
when the material is behaving thermally thick37,57,69,70. For large values of external or incident flux, 
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where "crq&  is the critical heat flux for ignition below which ignition will not occur.  At ignition, when 
















This suggests that time to ignition data for high incident heat fluxes ought to be plotted as 
"2/1 . eig qvst &




















from which the thermal inertia of the material can be calculated, ( ) ( ) 2214 -¥-- -= TTmck igpr .  In 
this method the critical heat flux is determined from extrapolating the data at low heat fluxes to 
determine the point at which igt  is infinite or 
2/1-
igt is equal to zero.  The critical heat flux is then 
substituted into the equilibrium condition in order to calculate the ignition temperature. 
( ) ( )44" ¥¥ -+-= TTTThq igigccr ese&  [24] 
where e  is the surface emissivity of the material which is often assumed to be near unity for 
typical building materials, s is the Stefan-Boltzmann constant (5.67x10-11kW/m2K4), and ch is the 
convective heat transfer coefficient (taken to be 10 kW/m2K for tests performed in the cone 
calorimeter55 and 15 kW/m2K for tests performed in the LIFT apparatus58).  Tewarson69 further 
recommends presenting the combined effects of the ignition properties though a parameter 
defined as the Thermal Response Parameter (TRP), which has the form: 
( ) ckTTTRP ig r¥-=  [25] 
An example of a plot of the ignition data using this method is presented in Figure 12. 
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7.3.1.2. Uncertainty 
The calculation process for determining ignition properties using the present method 
depend on two best-fit lines, one to the low flux data in order to determine "crq& and one to the high 
flux in order to determine ckr .  The critical heat flux is determined as the point at which 2/1-igt is 
equal to zero and is calculated as from the quotient of the y-intercept and the slope, mbqcr -=
"& .  
Therefore the uncertainty in "crq& is a function of both the standard deviation of the slope of the 
best-fit line, sm, and the standard deviation from the best-fit line, S.   Using Taylor’s method the 














































The ignition temperature is calculated from the equilibrium condition and, thus, cannot be solved 
for explicitly.  However, since the ignition temperature is dependent on the value of "crq& , it was 
decided to use the equilibrium equation to develop a second expression for the "crq&d , from which 
the igTd that corresponds to the previously determined uncertainty in 
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Determining the uncertainties in the calculation of ckr  and the resultant TRP  is then 
straightforward using Taylor’s method54. 
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The ignition properties with related uncertainties for the two composite systems, with the 
surfaces both untreated and blackened, were determined using the method described above.  For 
the data set in which the material surface has been blackened, the properties have been 
calculated with the surface emissivity both equal to 1 and to 0.92.  The results of the analysis are 
summarized in Table 7.  The analysis reveals uncertainties in calculated thermal inertia values 
ranging from 12 to 35% of the calculated quantities.  However, the results are somewhat 
surprising in that the ckr values for the “thin” GRP or roughly equal to or greater than those 
values calculated for the “thick” GRP.  It was expected that the “thin” GRP would have had a 
lower thermal inertia due to its propensity to ignite more rapidly at similar heat fluxes.  The 
difference in actual burning behavior can be explained in terms of the variations observed in 
ignition temperature, which is directly related to the differences in "crq& values.  The failure to 
appropriately differentiate the two composite systems is likely related to the quality of the data 
set.  Further, the division of the data into “thick” and “non-thick” sub-sets is somewhat arbitrary, 
dependent on reducing the r2 value of the best-fit lines, and may vary between users or analysts. 
The analysis reveals that the largest contribution to the uncertainty in k?c is due either to 
the standard deviation of the slope of the best-fit line to the high-flux data (12 to 81 percent) or to 
the uncertainty in Tig (10 to 86 percent).  For cases in which the uncertainty in Tig is low, the 
overall relative uncertainty in the effective thermal inertia is also low, indicating that the results are 
particularly sensitive to ignition temperature.  The variation in the ignition temperature is, in turn, 
directly related to the critical heat flux, "crq& , the uncertainty of which is a direct result of the quality 
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of curve fit to the low flux data, in particular the standard deviation from the best-fit line that has 
been used as an approximation of the uncertainty of the intercept..    
Table 7: Summary of ignition properties calculated using the high-flux 
approximation. 
q"cr Tig krc TRP 
Material 












7.8 3.6 0.46 556 71 0.13 2.8 1.0 0.34 430 50 0.12 
Thin  
No Carbon 
e = 1.0 
6.9 0.5 0.07 542 2 <0.01 5.9 0.6 0.10 591 5 0.01 
Thin  
Carbon 
e = 1.0 
5.0 1.5 0.30 497 39 0.08 5.0 1.2 0.24 445 21 0.05 
Thin  
Carbon 
e = 0.92 
5.0 1.5 0.30 493 39 0.08 5.2 1.3 0.25 445 20 0.04 
 
7.3.2. ASTM E1321 (Quintiere and Harkleroad)  
7.3.2.1. Calculation Procedure 
The method of Quintiere and Harkleroad has been standardized in ASTM E132158 as the 
accepted procedure for determining ignition and lateral flame spread properties in the Lateral 
Ignition and Flame Transport (LIFT) apparatus.  In the formulation of the method, 
( )¥-= TThq igig" ,0& , where " ,0 igq&  is the minimum flux for piloted ignition, is substituted into equation 







































































where ( ) ckhm rp 4= .  The ratio of the minimum flux required for ignition over the external 
heat flux, is plotted versus the square root of the time to ignition.  A best-fit line is drawn through 
the data points and forced through the origin and the slope (m) of this line is then determined, 
from which the thermal inertia can be calculated as ( )( )24 mhck pr = .  An example of the plotted 
data and best-fit line is shown in Figure 13.  Unlike the previously discussed method, the a critical 
flux is not determined from extrapolating a best-fit line to the data to 02/1 =-igt .  Rather, the 
minimum flux for piloted ignition, ",0 igq& , is determined experimentally by systematically decreasing 
the incident flux until ignition does not occur.   The ignition temperature is calculated from the 
equilibrium condition where the minimum flux for ignition ",o i gq&  is determined from testing.   
7.3.2.2. Uncertainty 
With ",0 igq&  determined experimentally, the uncertainty in that quantity is dependent on the 
number of tests performed to bracket " ,0 igq& and the refinement possible with the test apparatus 
and incident flux measurement.   In the present study, the minimum flux was bracketed to within  
+/- 2.5 kW/m2.   The uncertainty in calculating the ignition temperature was determined through 
an identical procedure as presented before.  The next required step is to calculate the uncertainty 
in the linearized heat transfer coefficient, h , which is dependent on the uncertainty in " ,0 igq& , igT ,  
and ¥T .  The uncertainty in ckr is dependent on the uncertainty in the slope, m , and the 
linearized heat transfer coefficient, h : 







































































drdrrd  [31] 
The slope of the best-fit line and its “goodness” or quality of fit ito the data is dependent 
on the number of data points that are excluded from the determination of the slope.  These points 
are those values approaching *tt = or 1"" ,0 »eig qq && . 
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7.3.2.3. Properties 
As with the previously discussed method, the ignition properties with related uncertainties 
for the two composite systems, with the surfaces both untreated and blackened, were determined 
using the method described above.  As before, the data set in which the material surface has 
been blackened, the properties have been calculated with the surface emissivity both equal to 1 
and to 0.92.  The results of the analysis are summarized in 
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Table 8.  The uncertainties in calculated thermal inertia values are higher than those from the 
previous method, ranging from 33 to 45 percent of the calculated quantities.  This is due to the 
“goodness” of the best-fit line and the uncertainty in " ,0 igq& .  In the previous section, the critical 
heat flux and thermal inertia were determined by dividing the data into two sets in order to 
optimize the best-fit lines, thus reducing uncertainty in those quantities.  The calculated 
ckr values reflect what was expected for the two material systems such that the ckr for “thin” 
GRP was roughly half of the value for the “thick” GRP.  However, the uncertainty in the calculated 
value results in an overlap, suggesting that the method may not be able to accurately differentiate 
more subtle variations in skin thickness.   
In calculating k? c, it was found consistently that the largest contribution to the uncertainty 
was due to the linearized heat transfer coefficient, h, accounting for 66 to 90 percent of the 
variation in krc.    The uncertainty in h was impacted most by the variation in " ,0 igq&  (~65 percent), 
with a significant contribution also from Tig (~35 percent).  However, as with the previous data 
reduction technique, the variation in the ignition temperature is a reflection of the uncertainty in 
the value of the minimum flux for piloted ignition.  Because ",0 igq& is an experimentally determined 
parameter, its uncertainty is related to the limits of the experimental apparatus and instruments, 
particularly the heat flux gauge.  Improved calculation accuracy can be achieved if " ,0 igq& is 
determined to tighter limits.  In this study, the minimum flux for ignition was found by varying the 
incident heat flux by increments of 5 kW/m2, as such " ,0 igq& had been determined to a tolerance of 
+/- 2.5 kW/m2.   
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Table 8: Summary of ignition properties calculated using ASTM E1321. 
q"0,ig  Tig krc TRP 
Material 












17.5 2.5 0.14 700 26 0.04 2.1 0.7 0.35 584 52 0.09 
Thin  
No Carbon 
e = 1.0 
12.5 2.5 0.20 640 34 0.05 1.1 0.5 0.46 358 83 0.23 
Thin  
Carbon 
e = 1.0 
12.5 2.5 0.20 640 34 0.05 1.2 0.6 0.45 382 76 0.20 
Thin  
Carbon 
e = 0.92 
12.5 2.5 0.20 636 34 0.05 1.3 0.6 0.45 382 74 0.19 
 
7.3.3. Janssens’ Improved Method  
7.3.3.1. Calculation Procedure 
Janssens, continuing the work of Quintiere and Harkleroad, noted that the form of 
equation 20 is too complex for correlating the ignition data.  As an alternative, Janssens 























r&&  [32] 
where A and a are constants.  A near perfect approximation is given with A = 0.73 and a = 0.547; 
a less perfect approximation is given with A = 0.71 and a = 0.5.   Equation 31 can be rearranged 
such that "eq& is a function of 
a
igt
-  and the slope, defined as ( ) aacr hckqAm 2" -= r& , can be used to 
calculate the effective thermal inertia.  The first step of Janssens’ method is to characterize the 
material by correlating the data according to ( ) Ctqq nigcre =- "" && , varying n from 0.5 to 1.0, according 
to Mikkola and Wichman71, to result in the best fit of the data which corresponds to the value of n 
that results in the lowest relative error in C.  Values of n near 0.5 would indicate that the material 
is behaving thermally thick and values of n near 1.0 indicate the material is behaving thermally 
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thin.  The resulting critical heat flux is then substituted into the equilibrium equation to determine 
the ignition temperature and the linearized total heat transfer coefficient.  The minimum heat 
flux, "minq& , required for ignition is determined by arbitrarily setting it equal to 1 kW/m
2 below the 
lowest heat flux at which ignition occurred during testing. The value of "minq& is taken to be equal to 
"
,0 igq& for this study.  The ignition data are then correlated by plotting "exq& vs. t
-a, where the best-fit 
line through the data is forced through the point (0, "c rq& ). The effective krc is determined from the 
slope of this line as ( ) aacr hmqAck /121" ---= &r .  The ignition properties have been determined with 
A=0.73 and a=0.547, as well as A=0.71 and a =0.5.    
7.3.3.2. Uncertainty 
 As with previous methods, "crq& is calculated from the y-intercept and slope of a 
best-fit line such that the uncertainty in "crq& is dependent on the uncertainty of the intercept and of 
the slope.  Therefore, equation 26 can be used.  Because the full data set is used for determining 
the best-fit line, it is likely that the standard deviation of the slope and the standard deviation from 
the line would be higher than those calculated previously.  Equation 27 is again used to calculate 
igTd .   Once the uncertainty in h  and the slope of the best-fit line to 
"
exq& vs. t
-a, the uncertainties of 
ckr  and the resultant TRP are again found using Taylor’s method54. 

























































































































The first step of Janssens’ Method is to characterize the ignition data as thermally thick, 
thin, or intermediate.  As described previously, this is done by correlating the data according to 
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( ) Ctqq nigcre =- "" &&  and varying the exponent n to minimize the relative error in C.  The results of the 
thermal characterization are summarized in Table 9.  The exponent value, n, for the untreated 
eight-layer GRP was 0.724, indicating that the material was behaving thermally intermediate.  
Intermediate behavior might be expected for the eight-layer GRP because of the transmissive 
nature of the GRP skin and the apparent absorption at depth that was observed with the IR 
camera work.  As expected, when the surface of the material was blackened to prevent 
transmission through the surface, the material behaved semi-infinitely or thermally “thick” (n-value 
of 0.5).  In contrast, the untreated one-layer GRP was behaving thermally-thin, which again would 
be expected.  A material is said to be behaving thermally thick if ignition occurs prior to the 
thermal wave-front reaching the rear-surface (away from the incident flux).  In the case of the 
one-layer GRP, a portion of the incident flux is transmitted through the GRP skin to the balsa 
core, where it is absorbed and causes the temperature at the skin-substrate interface to rise.  In a 
sense then, the thermal wave reaches the back-surface of the GRP skin immediately upon 
radiant exposure.  With the surface blackened, the one-layer GRP transitions from “thin” to 
intermediate behavior, as indicated by the n-value of 0.718.  The intermediate behavior is a result 
of the physical thickness of the GRP skin.   
Although the thermal behavior of the GRP is complicated due to the spectral properties of 
the material, it is important to calculate the material properties in both the untreated and 
blackened surface conditions.  The blackened condition is vital because the ignition data 
reduction techniques are premised on the assumption of one-dimensional conduction into the 
material.  However, the untreated condition is also important in the present study because the 
materials were tested in the large-scale in the untreated condition, thus effective properties for the 
untreated materials are required for modeling and validation studies. 
Table 9: Thermal characterization of GRP material according to n – values.  
Material Surface Treatment n 
Eight-layer GRP Untreated 0.724 
Eight-layer GRP Blackened 0.500 
One-layer GRP over 1” balsa Untreated 0.994 
One-layer GRP over 1” balsa Blackened 0.718 
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Ignition properties for both composite systems have been calculated using Janssens’ 
improved method, with A=0.73 and a=0.547, and A=0.71 and a = 0.5.   The properties have been 
determined using only the actual, previously determined, surface emissivities.  Because "crq& is 
determined from the slopes and intercepts of best-fit lines, there is some inconsistency in the 
values for the two composite systems in that "crq& for the “thin” GRP is greater than that for the 
“thick” GRP, contrary to what is indicated by the experimentally determined "minq& .  The calculated 
ckr values reflect what was expected for the two material systems in that the ckr for “thick” GRP 
is greater than that of the “thin” GRP.  However, the uncertainties in calculated thermal inertia 
values are very high, ranging from 50 to 140 percent of the base value.   The high degree of 
uncertainty is mostly related to the uncertainty in "crq& , which also impacts the uncertainty in h .  
Though there is relatively poor linear fit to "exq& vs. t
-a that results from forcing the line through the 
point (0, "crq& ), the uncertainty of the slope does not contribute significantly to the uncertainty in 
ckr due to the relatively low sensitivity coefficient.  Because of the high uncertainty, the ignition 
properties as determined using Janssens’ method cannot adequately differentiate between the 
two composite systems.  
When comparing the two sets of coefficients and exponents that can be used in 
Janssens’ method, there is a high degree of variation in the ckr values.  When using the slightly 
inferior approximation (A=0.71, a=0.5), there is a 40 to 70 percent increase in the calculated 
values of effective thermal inertia, with slight increases in the associated relative uncertainties.  
The lack of consistency arising from the differing coefficients and exponents indicates that the 
data reduction techniques need to be consistent with the physics of the model in which the 
ignition data is to be used.  Troubling, however, is the high calculation uncertainty of ckr (50 to 
140 percent).  In reviewing the calculations, it was found that consistently the largest contribution 
to uncertainty was the variation in h , accounting for 40 to 50 percent of the resultant value.  The 
uncertainty in "crq& accounted for roughly 20 to 45 percent, while the slope uncertainty contributed 
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between 2 and 20 percent to the total of the variation in ckr .  As before, the uncertainty in h  is 
affected largely by the uncertainty in "crq& .  Therefore, it is important that the critical flux be 
determined as accurately as possible.  The reason for the high degree of uncertainty in the 
calculated values of ckr was that ckr is a strong function of both h  and "crq& .  It was also 
observed that the relative contribution of the uncertainty in the slope approximately double when 
a=0.5 was used instead of a0.547, as might be expected due to the slightly inferior 
approximation.   
 
Table 10: Summary of ignition properties calculated using the Janssens’ Improved 
Method with A=0.73, a=0.547. 
q"cr Tig krc TRP 
Material 








7.8 3.6 0.46 556 71 0.13 2.7 3.7 1.38 421 117 0.28 
Thin  
No Carbon 
e = 1.0 
12.9 3.2 0.25 645 44 0.07 0.9 0.7 0.76 338 144 0.43 
Thin  
Carbon 
e = 0.92 
10.8 2.0 0.18 611 28 0.05 1.2 0.6 0.54 339 82 0.24 
 
 
Table 11: Summary of ignition properties calculated using the Janssens’ Improved 
Method with A=0.71, a=0.5. 
q"cr Tig krc TRP 
Material 








7.8 3.6 0.46 556 71 0.13 4.3 6.1 1.43 534 95 0.18 
Thin  
No Carbon 
e = 1.0 
12.9 3.2 0.25 645 44 0.07 1.3 1.1 0.82 397 130 0.33 
Thin  
Carbon 
e = 0.92 
10.8 2.0 0.18 611 28 0.05 1.7 1.0 0.56 409 71 0.17 
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7.3.4. Janssens’ Method with Thermal Environment Characterization  
7.3.4.1. Calculation Procedure 
In later work, Janssens’ noted that there was little information regarding the appropriate 
thermal characterization of the cone calorimeter environment, citing only one measurement  
(11.5 kW/m2K)by Green et al.72, of the convective heat transfer coefficient for a sample in the 
horizontal orientation73.  Through a series of experiments, it was found that the convective heat 
transfer coefficient varies for incident fluxes ranging from 10 to 100 kW/m2.  The values 




























Substituting equation 34 into Janssens’ proposed approximation to the one-dimensional 

























































The above equation suggests that ( ) 5.01 igt be plotted as a function of "eq& .  The best-fit 
line to the data has a slope of ( ) 2/11 ckC r C1 and a y-intercept of ( ) 2/10 ckC r , such that 
10
" CCqcr =&  and ( ) ( )2021 bCmCck ==r .  Janssens’ also noted that by simply plotting 
( ) 5.01 igt vs. "eq&  it is possible to get values of "crq& that are either unreasonably low or even negative.  
It was therefore suggested to only use a selection of the ignition data.  In the present study, it was 
found that the best curve fit was achieved with lower heat flux data, which is not consistent with 
previous work that suggests that low flux data likely correlates best as ( )igt1  vs. "eq& .  An 
alternative method has been developed to make use of the incident flux dependent convective 
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heat transfer coefficient relationship.   In the alternative method, the data is characterized by 
minimizing the standard error in the relationship ( ) Ctqq nigcre =- "" && .  The data is then plotted as 
( ) 5.01 igt vs. "eq& and forced through the point  ( "crq& ,0), the slope of the best-fit line is then used to 
calculate the effective thermal inertia from ( )21 mCck =r .   
7.3.4.2. Uncertainty 
The procedure for calculating the parameter uncertainty is identical to procedures 
presented earlier.  For the method proposed by Janssens’, there are two possible ways of 
calculating the thermal inertia as suggested by equation 35.  As a result there are two potential 
ways of calculating the uncertainty in ckr , as shown in equation 36.  It was found that the 
uncertainty in ckr is affected most by the variation in either C0 or C1.  In turn, C0 is affected most 
by variations in h0, while C1 is most sensitive to Tig.  The relative uncertainty of h0 was arbitrarily 
set to 20 percent, so the uncertainty in ckr is dependent on that arbitrary assumption.  Therefore, 
the values and related uncertainties for ckr calculated from the slope of the best-fit lines will be 
presented here. 
( ) ( ) ( )






















































































































Ignition properties for both composite systems have been calculated using both the 
method proposed by Janssens’ and the hybrid method developed here; the various material 
ignition parameters are summarized in Table 12 and 
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Table 13.  The results using the procedure specified by Janssens73 yields some inconsistencies 
due to the selection of data to be used.  Unexpectedly, the effective ckr for both the “thick” and 
“thin” GRP materials that were blackened were roughly equal ( ckr =3.7).  The values of TRP are 
more consistent with what was observed in terms of ignition behavior, but this is linked directly to 
the ignition temperature and thus the determination of "crq& .  The largest contribution to the 
uncertainty in ckr  was the calculated value of C1, which is affected most by the variation in 
ignition temperature, which is a direct reflection of the uncertainty in "crq& .  If viewed differently, the 
uncertainty in ckr  can be viewed as the propagation of the uncertainty in 
"
crq& throughout the 
calculations.   
Although the effective ckr values calculated from the hybrid method are more consistent 
with what would be expected in terms of thin and thick behavior, their still remains the 
inconsistency noted previously in the values of "crq& .   The ckr  are consistent with those 
calculated using the original Janssens’ Improved method with A=0.71 and a=0.5.  The calculated 
uncertainties, though still high, have been significantly reduced relative to the method used in the 
previous section, which is likely due to the fact that h does not appear explicitly in any of the 
calculations.  The linearized heat transfer coefficient was the largest contributor to uncertainty in 
previous calculation techniques.   
Table 12: Summary of ignition properties calculated using Janssens’ Method with the 
improved thermal environment characterization.   
q"cr Tig krc TRP 
Material 
X dX dX/X X dX dX/X X dX dX/X X dX dX/X 
Thick  




7.8 3.6 0.46 532 71 0.13 3.7 2.5 0.68 451 55 0.12 
Thin  
No Carbon 
e = 1.0 
6.9 0.5 0.07 521 17 0.03 1.5 0.3 0.21 277 24 0.09 
Thin  
Carbon 
e = 0.92 
5.0 1.5 0.30 474 37 0.08 3.7 1.8 0.48 338 29 0.09 
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Table 13: Summary of ignition properties calculated using the hybrid Janssens’ 
Method with the improved thermal environment characterization.   
q"cr Tig krc TRP 
Material 
X dX dX/X X dX dX/X X dX dX/X X dX dX/X 
Thick  




7.8 3.6 0.46 532 71 0.13 3.7 2.5 0.67 451 55 0.12 
Thin  
No Carbon 
e = 1.0 
12.9 3.2 0.25 616 44 0.07 1.4 0.5 0.36 377 61 0.16 
Thin  
Carbon 
e = 0.92 
10.8 2.0 0.18 582 28 0.05 1.5 0.4 0.26 344 38 0.11 
 
7.3.5. The Flux Time Product (FTP)  
The procedure of characterizing a material of thermally “thick” or “thin” as proposed by 
Mikkola and Wichman71, and utilized in Janssens’ Method59,60, is similar to the minimum flux-time 
product (FTP) concept suggested by Smith & Green74 and Silcock and Shields75.  The FTP can 
be assumed to the be the excess absorbed energy up to the point of ignition and has the 
form ( ) FTPtqq igpcr =- "" && , where p is equal to 1/n such that pCFTP = .  The expression for FTP 






qq += "" &&   [37] 
which has the form of a straight-line of "q& vs. nigt1 with slope nFTP and y-intercept of "crq& , which 
suggests that the flux -time product, along with the exponent n are the ignition properties or 
parameters of interest.  Such an approach does not attempt to force the ignition data to fit a 
certain conduction model, but rather develops an expression for predicting time to ignition that 
would be relatively simple to implement in a fire growth model in the form presented above or in a 
form more amenable to varying heat flux, as would likely be seen in actual growing fires.  Further, 
the expression is based directly on the time-to-ignition data and implicitly accounts for the thermal 
characterization of the material as either “thick”, “thin”, or “intermediate.”  The ignition data has 
been analyzed according to the FTP concept, the results of which are summarized in Table 14. 
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"" &&  [38] 
Table 14:  Summary of ignition data analyzed according to the flux-time product (FTP) 
concept. 
q"cr Tig FTP 
Material 









8.6 3.6 0.42 571 66 0.12 140138 10424 0.07 0.50 2.00 
Thin  
No Carbon 
e = 1.0 
12.7 3.2 0.25 642 45 0.07 1898 64 0.03 0.96 1.04 
Thin 
Carbon 
e = 0.92 
11.0 1.9 0.18 613 29 0.05 7490 204 0.03 0.72 1.39 
  
7.4. Impact of Uncertainty on Fire Growth Calculations 
In section 3, a number of simple expressions were provided that can be used to simulate 
fire growth, given availability of material “properties” or model parameters.  To demonstrate the 
impact of the uncertainty in material properties on model results a simple point calculation and 
uncertainty analysis has been performed.  For the analysis, a net heat flux of 50 kW/m2 with a 
relative uncertainty of 25% has been assumed.   With the exception of the time to ignition, the 
predictions have approximate relative calculation uncertainties of 30 percent.  The relative 
uncertainty in time to ignition for the two material systems range from 50 to 70 percent.  This 
result is particularly dissatisfying considering that flame spread is modeled most often as a 
moving ignition front, such that high uncertainty in the time to ignition will lead to a high degree of 
uncertainty in the flame front velocity, and thus the amount of material that is involved in the fire, 
resulting in a highly uncertain heat release rate prediction.  The results of the analysis are 
summarized in Table 16 through Table 19 
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7.5. Room-Corner Testing      
Flame spread is most often modeled as a propagating ignition front37,76, where additional 
material will not ignite and thus flame will not spread until certain condition(s) (e.g. ignition 
temperature) are met.  Thus the extent of flame spread is proportional to the amount of material 
that has ignited and is burning.  Therefore, the HRR is the principle quantity used in evaluating 
the predictive capability of a flame spread algorithm.  HRR was measured via oxygen 
consumption calorimetry40,41 in the present experimental series.  To assure accuracy of the heat 
release measurements, the oxygen consumption calorimetry instrumentation was calibrated prior 
to experimentation and found to be approximately 20 percent accurate.   
Using the equations of Parker40, the HRR history for each test was calculated.  Data from 
the point of burner ignition to the application of water (extinguishment activities) are presented in 
Figure 17 and Figure 18.  Although, only two tests resulted in a heat release rates that exceeded 
1200 kW (Test 5 and Test 6), it is likely that all of the tests save for Test 1 would have resulted in 
flashover based on the growing nature of the fire at the onset of extinguishment activities as 
evidenced by the slope of the HRR curves at the conclusion of the tests.   Additional evidence for 
the likelihood of flashover are the burn-patterns of on the specimens.  In all tests, except for test 
1, burning was evident along the entire length of the upper portions of the screening specimen.  
Furthermore, in those tests there was evidence of downward or lateral spread along the wall-
ceiling interface which is indicative of significantly elevated temperatures to result in downward 
spread.  Therefore, if additional material were available for combustion as in a fully-lined room, it 
is likely that heat release rates would exceed the 1200 kW required to flashover the test 
compartment.  The burn pattern from test 1 showed little to no evidence of lateral spread since 
the only portion of the composite material that was burnt was directly impinged upon from the 
ignition flame.     
The two specimen types, though nominally identical in terms of “skin” fuel material 
behaved very differently under fire exposure due to the substrate material and end-use 
configuration.  The CISS for the eight-layer GRP specimens was isolated between 30 and 45kW, 
and under 5 kW for the one-layer GRP over 1-inch balsa sandwich.  The slope of the heat release 
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rate curves during the growth phase of the fire is steeper for the “thin” specimens as opposed to 
the thick specimens, indicating a more rapid burning rate.  If the “thick” specimen is considered to 
be a one-layer specimen over a seven-layer vinyl ester and glass substrate, it is apparent that the 
lower layers act as a heat-sink whereas the balsa core of the “thin” specimens acts as an 
insulator, thus enhancing the surface temperature rise and driving rapid flame spread.  The 
difference in full-scale burning behavior is reflected in the differences in certain vital “material 
properties,” L  and ckr .  However, whether predictive models using the material properties 
developed in this study are capable of predicting the full-scale behavior remains to be seen.  
Table 15: Summary of full-scale heat-release rate data for each composite system.  
The CISS for the eight-layer GRP was isolated between 30 and 45 kW; the CISS for the one-











1 30 115 775 No 
2 100 783 550 Yes 
3 65 556 647 Yes 
Eight-layer GRP 
4 45 560 869 Yes 
5 100 1215 190 Yes 
6 30 3272 285 Yes 
7 8 837 522 Yes 
One-layer GRP 
over 1” Balsa 
8 5 506 1612 Yes 
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8. Summary and Discussion 
Material properties or fire growth model parameters have been determined for two GRP 
composite systems, an eight-layer glass and a one-layer glass over 1-inch balsa core sandwich 
system both vacuum infused with vinyl ester resin.    Instrument and calculation uncertainty was 
investigated to explore its impact on the determination of material properties and model 
parameters used in screening tools and models for evaluating material systems.  The properties 
would serve as inputs to flame spread models or other screening criteria that would predict full-
scale burning behavior, while the calculated uncertainties would serve not only as error bands on 
the properties or parameters, but would also serve as a basis for sensitivity analyses of predictive 
models.  A sample calculation with uncertainty analysis using equations for a simple flame spread 
algorithm has been carried out to estimate the impact of the property calculation uncertainties on 
fire growth predictions.  
The uncertainties calculated in the cone heat release rate are of the same magnitude as 
those reported by Enright and Fleischmann (52) and Axelsson, et al (53).  From the analysis, it 
was found that the most important parameter was the oxygen measurement.  From the heat 
release rate, total heat released per unit area was developed.  The results indicate that the two 
material systems were distinct, as would be expected on a mass basis. The vinyl ester matrix 
material for both systems were identical, such that the intensive combustion properties ought to 
be identical.  The heats of combustion of the two material systems undergoing surface burning 
were similar and any variations fell within the calculated uncertainty.  The species yields of the 
two systems (summarized in Table 27) as expected were also very similar.   
Heats of gasification of the two material systems were, however, distinct and differed by a 
factor of two.  The variation of the heat of gasification between the two materials can potentially 
be explained in terms of material construction.  The surface conditions of the materials are 
similar, but the substrate or lower layer materials cause differences in burning behavior.  The low-
density, light-weight balsa core of the one-layer sandwich materials serves as an insulator such 
that there is a buildup of heat in the surface skin that promotes more vigorous pyrolysis or 
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generation of volatiles.  In contrast, the eight-layer GRP has a larger thermal mass which can 
absorb more incident heat and conduct heat away from the surface.  As a result, a higher incident 
flux is required to generate a similar heat release rate as would result from the combustion of the 
one-layer sandwich composite.  Therefore, the heat of gasification as determined in this study 
must be considered an effective property as it also implicitly incorporates the effects of the 
material substrate and construction.  Also observed from the data analysis was a change in 
effective heat of gasification as a function of test time.  At later test times the apparent effective 
heat of combustion would increase, likely a result of the layered composite construction.  As the 
resin in the surface layer is burnt off, the glass blanket is left which can serve as an insulator of 
the combustible resin or layers below.  Thus, for complex layered materials the assumption of a 
constant heat of gasification throughout burning is not valid. 
Ignition properties of both material systems were determined, the results of which 
showed significant variation depending on the data reduction technique used.  The inconsistency 
reveals that the properties, including thermal inertia, ignition temperature, and critical heat flux, 
are not fundamental, but are model parameters.  This reinforces the assertion that it is necessary 
for ignition models contained within a fire growth or flame spread model to be consistent with the 
data reduction technique used.  Similar methods were applied to determine the uncertainty in 
other derived material parameters where slopes of best-fit lines are used in calculating 
“properties.”  The standard deviation of the slope of the best-fit line was used to represent the 
absolute uncertainty of the slope, while the standard deviation from the best-fit line was used as 
an approximation of the intercept uncertainty.  The analysis showed that the calculations are very 
sensitive to best-fit line, particularly the intercept where applicable.  In several cases, the 
uncertainty in the intercept results in a high degree of uncertainty in the critical heat flux, which 
then propagates through all subsequent calculations.   
Differences were observed in the ignition properties of the two material systems.  In most 
cases, the effective thermal inertia of the one-layer GRP was lower than that of the eight-layer 
GRP.  The variation indicates that both materials were not behaving semi-infinitely or thermally 
“thick”, otherwise the ignition properties would have been identical given that the surface 
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materials are nominally identical.  As with the heat of gasification, the calculation implicitly 
captures the effect of the composite construction, particularly the substrate material (especially if 
the eight -layer GRP is considered a one-layer skin over a seven-layer GRP substrate).  Although 
the techniques each showed differing results for effective thermal inertia for each material, the 
calculation uncertainties are too large to fully and accurately differentiate the two systems.   It is 
unlikely that the techniques could differentiate between more subtle variations in material or skin 
thickness.  
The values of the ignition temperatures were dependent on the data reduction technique, 
in particular the manner in which the critical heat flux of minimum flux for ignition was determined.  
The minimum flux for ignition from ASTM E1321 is determined experimentally and is in general 
higher than the critical heat flux determined from curve fits and intercepts used in other methods.  
The flux values are substituted into the same equilibrium equation, thus the calculated ignition 
temperature is directly proportional to the value of the minimum or critical heat flux.  In theory, the 
ignition temperature of identical surface materials ought to be equal.  For most data reduction 
methods the ignition temperature values fall within the uncertainty, such that they could be 
considered equal for the two materials.  It can assumed that the current ignition and pyrolysis 
models are too simple to effectively define properties or predict burning behavior of complex 
materials such as glass reinforced plastics or other composites.  
The bench-scale testing revealed both similarities and differences in material properties 
of the two composite systems.  The heat of combustion ( cHD ) and the ignition temperature ( igT ) 
of the two materials were nearly identical, as may be expected for identical matrix materials (vinyl 
ester resin).  However, differences were evident in the materials’ critical heat fluxes ( "crq& ), thermal 
inertia ( ckr ), and heat of gasification ( L ), which are explainable due to material construction or 
composition.  The next step will be to compare the bench-scale data to large-scale burning 
behavior to determine if the variations in material properties manifest in differing burning 
behavior.      
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The ability of engineering tools and models to accurately evaluate new materials and 
designs is paramount to the success of performance design.  The development of these tools is 
an ongoing process, part of which is the calibration of the tools against experimental data.  The 
process of and methods for comparing, quantitatively, experimental data to model output is a task 
left to others.  This work attempts to take a step in generating the experimental data for 
comparison, as it is needed according to ISO and CIB.  The present work provides a quality 
source of experimental compartment fire data, covering a range of phenomena from pre-flashover 
to flashover conditions.  Uncertainty analysis of the calculated quantities has been carried out 
using the techniques of Taylor77, Yaeger78, and Enright and Fleischmann79.  In total, the series of 
eight experiments provides an aggregate data set with quantified uncertainty that can be used in 
calibrating engineering tools for both pre-flashover and flashover compartment fires.   Additional 
data from the full-scale tests, including temperatures, vent flows, and heat fluxes will be 
discussed in section III of this report.   This study has investigated instrument and calculation 
uncertainty in the determination of material properties and model parameters used in screening 
tools and models for evaluating material systems.  Material properties and the associated 
calculation uncertainty were developed for two distinct composite systems.  The properties would 
serve as inputs to flame spread models or other screening criteria that would predict full-scale 
burning behavior, while the calculated uncertainties would serve not only as error bands on the 
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9. Tables and Figures 
Table 16: Fire growth calculation results for time to ignition using ignition properties derived from the high-flux approximation method described in 
section 7.3.1.  A net flux of 50 kW/m2 has been assumed.  
Eight-Layer GRP One-Layer GRP over Balsa 
 


































































































 -1.5 12.5 18.2 -1.3 12.5 16.2 
t ig 59 62 
dt ig 41 32 
dt ig/t ig 0.7 0.5 
 
          
64
Table 17: Fire growth calculation results for burning rate using combustion properties derived using the peak average heat release rate method.  A 
net flux of 50 kW/m2 has been assumed. 
Eight-Layer GRP One-Layer GRP over Balsa 
 



























 -0.10 4.2 0.4 -0.44 1.3 0.6 
m” 2.2 4.7 
dm” 0.7 1.3 
dm”/m” 0.31 0.28 
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Table 18: Fire growth calculation results for heat release rate using combustion properties derived using the peak average heat release rate method.  
A net flux of 50 kW/m2 has been assumed. 
Eight-Layer GRP One-Layer GRP over Balsa 
 
























 22.6 0.7 15.3 21.5 1.3 27.9 
Q” 49 100 
dQ” 17 30 
dQ”/Q” 0.35 0.30 
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Table 19: Fire growth calculation results for time to burnout using combustion properties derived using the peak average heat release rate method.  
A net flux of 50 kW/m2 has been assumed. 
Eight-Layer GRP One-Layer GRP over Balsa 
 



































































¶  -77.4 12.5 967.7 -11.7 12.5 146.8 
tb 3871 587 
dtb 1365 175 






Figure 1:  Schematic of the Gas Delivery System 































Figure 2:  Fire test compartment schematic showing screening specimen configuration, burner 









· 2.4m x 3.6m x 2.4m 
Doorway: 
· 0.8m x 2.0m 
Specimen Configuration: 
· 0.61 m wide in burner corner 
· 0.61 m high along wall-ceiling interface 
· 1.22 m square “ceiling” over burner 
Burner: 




Walls and ceiling: 
· 3-layers 0.016 m  
    Firecode Sheetrock 
· 1-layer 0.012 m fir plywood 
Floor: 
· 1-layer 0.016 m Firecode Sheetrock 
All Thermocouple (TC) Trees: 
· 0.10 m spacing 
Isotherm Stations Heights: 
· 0.15 m, 0.65 m,1.25 m,1.75 m, 2.25 m 
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Figure 3:  Configuration of composite screening specimen within ISO 9705 test compartment. 
  














Figure 4: Thermally “thick” GRP 
· Eight-layers 560808 
glass 
· Vinyl ester (VEX) 
resin 
· Thickness: 14 mm 











· One-layer 560808 
glass 
· Vinyl ester (VEX) 
resin 
· Lightweight balsa 
core substrate 
· Thickness: 28 mm 






Set-up for determining 
emissivity using an IR 
camera 
 
Set-up for determining 
transmissivity using an 
IR camera 
 
Set-up for determining 
reflectivity using an IR 
camera 
 
Figure 6: Test set-ups for determining material optical properties using an IR camera. 
 
IR Camera 
Heated material  
(heated using heat gun) 
Tape of known optical 
properties 
Heating block 
(heated using electric 
cartridge heater) 
Material 








Figure 7:  Peak, peak average, and average heat release rates per unit area for “thick” GRP 
specimens tested at 50 kW/m2 with no edge frame. 
Figure 8:  Peak, peak average, and average heat release rates per unit area for “thin” GRP 





















































Table 20: Average effective heat of combustion values for the “thick” GRP with calculated 
uncertainties (accuracy) and standard deviations (precision) using each of the four methods. 
avgcH ,D [kJ/g] avgtestcH ,D [kJ/g] peakcH ,D [kJ/g] angpeakcH ,D [kJ/g]  Frame Flux [kW/m 2] Value d s Value d s Value d s Value d s 
No 
Frame 50 27.8 6.3 0.2 26.6 -- 0.1 25.8 3.4 2.1 23.6 3.2 1.3 
20 26.2 7.3 0.3 24.5 -- 0.1 23.4 3.3 1.6 23.4 3.6 0.6 
25 24.2 7.7 0.1 23.3 -- 0.3 26.3 4.4 2.4 23.3 4.2 0.7 
30 24.6 7.8 0.1 23.5 -- 0.2 22.5 3.7 2.3 23.4 4.2 0.4 
35 24.7 6.7 1.1 23.8 -- 1.0 22.9 3.8 2.3 22.9 4.2 0.9 
40 24.1 7.4 0.5 22.6 -- 0.3 25.6 4.2 1.2 24.0 4.2 0.4 
50 24.2 6.1 3.0 22.0 -- 1.9 19.8 3.1 3.0 22.6 4.6 3.3 
60 23.4 5.6 0.0 22.2 -- 0.1 22.7 3.6 0.3 23.1 4.1 0.5 
75 24.2 4.5 0.3 23.3 -- 0.3 22.5 3.1 1.9 23.1 3.6 0.0 
80 22.6 4.4 0.1 21.9 -- 0.1 20.4 2.9 3.4 21.4 3.3 0.3 
85 21.6 4.5 2.4 19.5 -- 0.5 22.9 3.2 2.6 19.4 2.9 1.0 
Frame 
90 21.6 4.1 0.3 21.2 -- 0.3 21.2 3.0 1.7 20.9 3.3 0.3 
No Frame 27.8 6.3 0.2 26.6 -- 0.1 25.8 3.4 2.1 23.6 3.2 1.3 
Frame 23.9 6.0 2.0 22.6 -- 1.6 22.4 3.4 2.9 22.5 3.9 1.9 
Thick 
GRP 



























Average Test Average Peak Peak Average
Overall Average Overall Test Average Overall Peak Overall Peak Average
 
Figure 9: Plot of calculated effective heats of combustion versus incident heat flux for “thick” 
GRP.  The horizontal lines indicate the averages obtained with each method. 
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Table 21: Average effective heat of combustion values for the “thin” GRP with calculated 
uncertainties (accuracy) and standard deviations (precision) using each of the four methods. 
avgcH ,D [kJ/g] avgtestcH ,D [kJ/g] peakcH ,D [kJ/g] angpeakcH ,D [kJ/g]  Frame Flux [kW/m 2] Value d s Value d s Value d s Value d s 
No 
Frame 50 20.3 3.2 0.5 19.6 -- 0.3 22.3 1.9 2.4 21.2 1.9 0.9 
15 21.4 5.0 1.4 20.8 -- 1.1 21.7 2.5 1.0 21.7 2.6 0.9 
20 19.6 5.4 1.9 19.4 -- 1.4 22.5 2.6 1.3 21.8 2.6 0.7 
25 16.7 6.7 1.2 17.7 -- 1.2 23.0 2.8 0.8 21.1 2.7 0.2 
30 18.1 4.7 0.8 18.5 -- 0.7 22.3 2.6 2.5 21.1 2.6 0.5 
35 19.0 4.4 1.4 19.2 -- 0.8 23.6 2.5 3.9 21.1 2.3 0.6 
40 17.0 4.5 0.3 17.9 -- 0.1 22.5 2.4 3.0 21.1 2.4 0.6 
50 23.8 4.8 3.2 21.7 -- 3.0 25.5 2.6 4.5 24.7 2.6 3.1 
60 17.5 3.8 0.7 18.1 -- 0.2 23.3 2.3 1.4 21.2 2.1 0.1 
75 17.3 3.0 0.2 17.7 -- 0.1 20.4 1.8 0.3 20.2 1.8 0.0 
80 20.2 4.2 1.0 17.2 -- 0.9 -- -- -- 25.3 2.5 0.0 
85 18.2 3.3 0.9 17.0 -- 0.7 22.6 2.1 1.9 19.1 1.8 0.8 
Frame 
90 17.6 3.7 1.7 16.4 -- 0.1 18.6 1.7 0.4 18.2 1.7 0.1 
No Frame 20.3 3.2 0.5 19.6 -- 0.3 22.3 1.9 2.4 21.2 1.9 0.9 
Frame 19.5 4.6 2.8 19.0 -- 2.1 22.6 2.4 3.0 21.5 2.4 2.1 
Thin 
GRP 



























Average Test Average Peak Peak Average
Overall Average Overall Test Average Overall Peak Overall Peak Average
 
Figure 10: Plot of calculated effective heats of combustion versus incident heat flux for “thin” 
GRP.  The horizontal lines indicate the averages obtained with each method. 
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Table 22: Summary of heat of calculated heat of gasification, uncertainty, and r2 values for 
both the “thick” and “thin” GRP materials.  Values have been calculated with the full data sets 
and with selected data sets. 








Full 108.5 66.0 0.082 Peak HRR 
Used 20.6 3.2 0.756 
Full 40.4 4.3 0.803 Average HRR 
Used 35.0 3.2 0.893 
Full 187.7 196.7 0.030 Peak Average HRR 
Used 22.9 4.2 0.683 
Full 38.4 4.3 0.803 Test Average HRR 
Used 33.2 3.2 0.893 
Full 73.3 27.3 0.199 HRR 60 
Used 22.5 3.5 0.751 
Full 65.5 16.3 0.367 HRR180 
Used 31.4 4.3 0.802 
Full 54.0 9.9 0.537 HRR 300 Used 38.7 4.5 0.842 
Full 177.7 170.2 0.035 HRR 30s Max 
Used 22.9 3.5 0.780 
Full 98.0 1076.26 0.000 Peak MLR per unit 
area Used 12.3 9.2 0.089 
Full 30.4 10.1 0.677 Average MLR per 
unit area Used 27.2 1.8 0.893 
Full 85.1 133.54 0.030 
Thick GRP  
Peak Average MLR 
per unit area Used 29.6 3.83 0.749 
Full 10.2 1.2 0.885 Peak HRR 
Used 10.2 1.2 0.885 
Full 28.3 8.9 0.399 Average HRR 
Used 20.5 5.5 0.661 
Full 10.8 1.4 0.885 Peak Average HRR 
Used 10.7 1.3 0.905 
Full 27.5 6.6 0.397 Test Average HRR 
Used 19.9 3.5 0.660 
Full 11.7 1.6 0.814 HRR 60 
Used 11.6 1.5 0.841 
Full 19.6 2.5 0.869 HRR180 
Used 19.8 2.4 0.909 
Full 25.4 3.6 0.776 HRR 300 
Used 25.7 3.3 0.865 
Full 10.6 1.3 0.891 HRR 30s Max 
Used 10.5 1.3 0.909 
Full 2.7 0.7 0.341 Peak MLR per unit 
area Used 7.1 1.4 0.518 
Full 18.9 3.3 0.505 Average MLR per 
unit area Used 19.3 2.9 0.580 
Full 8.8 1.8 0.414 
Thin  GRP 
Peak Average MLR 
per unit area Used 8.5 1.1 0.682 
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Table 23: Plots of cone calorimeter heat release rate versus incident flux for determining effective heat of gasification for the eight-layer GRP. 
Thick GRP 
Peak HRR – L = 20.6 +/- 3.2 kJ/g Average HRR – L = 35.0 +/- 3.2 kJ/g 
y = 1.1076x + 94.531





















y = 0.6943x + 69.173
R2  = 0.8926
y = 0.6016x + 75.311























Peak Average HRR – L = 22.9 +/- 4.2 kJ/g Test Average HRR – L = 33.2 +/- 3.2 kJ/g 
y = 0.9888x + 81.059
R2  = 0.683


























y = 0.6951x + 69.3
R2  = 0.8932
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Table 24: Plots of cone calorimeter heat release rate versus incident flux for determining effective heat of gasification for the eight-layer GRP. 
Thick GRP  
HRR 60 – L = 22.5 +/- 3.5 kJ/g HRR 180 – L = 31.4 +/- 4.3 kJ/g 
y = 1.0052x + 63.853
R2 = 0.7507

























y = 0.7195x + 79.099
R2 = 0.8018y = 0.3451x + 105.34























HRR 300 – L = 38.7 +/- 4.5 kJ/g HRR 30s Maximum – L = 22.9 +/- 3.5 kJ/g 
y = 0.5846x + 81.359
R2 = 0.8419
y = 0.4187x + 91.699























y = 0.9857x + 88.377
R2 = 0.7804
y = 0.1272x + 152.16
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Table 25: Plots of cone calorimeter mass loss rate versus incident flux for determining effective heat of gasification for the eight-layer GRP 
Thick GRP 
Peak MLR per unit area – L = 12.3 +/- 9.2 kJ/g Average MLR per unit area – L = 27.2 +/- 1.8 kJ/g 
y = 0.0815x + 13.501
R2 = 0.0887



























y = 0.0368x + 2.8762
R2  = 0.8926
y = 0.0329x + 3.1679
























Peak Average MLR per unit area – L = 29.6 +/- 3.8 kJ/g  
y = 0.0338x + 5.1797
R2  = 0.7489
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Table 26: Plots of cone calorimeter heat release rate versus incident flux for determining effective heat of gasification for the one-layer GRP 
Thin GRP 
Peak HRR – L = 10.2 +/- 1.2 kJ/g Average HRR – L = 20.5 +/- 5.5 kJ/g 
y = 2.2263x + 211.03
R2 = 0.8851

























y = 0.9541x + 80.154
R2  = 0.6615
y = 0.6928x + 98.849

























Peak Average HRR – L = 10.7  +/- 1.3 kJ/g Test Average HRR – L = 19.9 +/- 3.5 kJ/g 
y = 2.0044x + 190.97
R2 = 0.9047
y = 1.9934x + 190.2























y = 0.9544x + 80.359
R2 = 0.6597
y = 0.6916x + 99.153
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Table 27: Plots of cone calorimeter heat release rate versus incident flux for determining effective heat of gasification for the one-layer GRP 
Thin GRP 
HRR 60 – L = 11.6 +/- 1.5 kJ/g HRR 180 – L = 19.8 +/- 2.4 kJ/g 
y = 1.8535x + 131.83
R2 = 0.841
y = 1.8409x + 130.94






















y = 1.0886x + 163.3
R2  = 0.9085
y = 1.0975x + 163.93





















HRR 300 – L = 25.7 +/- 3.3 kJ/g HRR 30s Maximum – L = 10.5 +/- 1.3 kJ/g 
y = 0.8364x + 129.13
R2  = 0.865





















y = 2.0447x + 202.13
R2  = 0.9094
y = 2.0341x + 201.38
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Table 28: Plots of cone calorimeter mass loss rate versus incident flux for determining effective heat of gasification for the one-layer GRP 
Thin GRP 
Peak MLR per unit area – L = 7.1 +/- 1.4 kJ/g Average MLR per unit area – L = 19.3 +/- 2.9 kJ/g 
y = 0.1405x + 12.571
R2 = 0.518
























y = 0.0518x + 4.5012
R2 = 0.5803
y = 0.0528x + 4.5722





















Peak Average MLR per unit area – L = 8.5 +/- 1.1 kJ/g  
y = 0.1174x + 7.588
R2 = 0.6816
y = 0.1132x + 7.3869
























Table 29: Average species yields for the eight-layer and one-layer over 1” balsa composite 
systems tested in the cone calorimeter at an incident flux of 50 kW/m2 with no test frame. 
Eight-layer GRP 
Smoke Properties X dX dX/X s 
Peak 2.16 0.14 0.07 0.57 
Average 0.80 0.07 0.08 0.16 SEA [m2/g] 
Peak Average 1.00 0.08 0.08 0.08 
Peak 0.25 0.04 0.15 0.07 
Average 0.09 0.01 0.15 0.02 Ys [g/g] 
Peak Average 0.12 0.02 0.15 0.01 
Gas Yields X dX dX/X s 
Peak 0.098 0.033 0.31 0.028 
Average 0.024 0.005 0.19 0.003 YCO [g/g] 
Peak Average 0.030 0.004 0.12 0.003 
Peak 4.51 0.33 0.07 0.71 
Average 1.83 0.16 0.09 0.14 YCO2 [g/g] 
Peak Average 1.67 0.10 0.06 0.17 
One-layer GRP over 1” Balsa 
Smoke Properties X dX dX/X s 
Peak 1.99 0.15 0.08 1.18 
Average 0.56 0.06 0.12 0.13 SEA [m2/g] 
Peak Average 0.93 0.10 0.12 0.24 
Peak 0.23 0.04 0.16 0.14 
Average 0.07 0.01 0.18 0.02 Ys [g/g] 
Peak Average 0.11 0.02 0.18 0.03 
Gas Yields X dX dX/X s 
Peak 0.088 0.014 0.13 0.043 
Average 0.021 0.002 0.10 0.005 YCO [g/g] 
Peak Average 0.041 0.003 0.07 0.009 
Peak 3.48 0.18 0.06 2.17 
Average 1.52 0.11 0.07 0.18 YCO2 [g/g] 
Peak Average 1.72 0.06 0.04 0.42 
Average Values 
Smoke Properties X dX dX/X s 
Peak 2.08 0.14 0.08 0.93 
Average 0.68 0.06 0.10 0.19 SEA [m2/g] 
Peak Average 0.97 0.09 0.10 0.18 
Peak 0.24 0.04 0.15 0.11 
Average 0.08 0.01 0.17 0.02 Ys [g/g] 
Peak Average 0.11 0.02 0.16 0.02 
Gas Yields X dX dX/X s 
Peak 0.093 0.023 0.22 0.037 
Average 0.022 0.003 0.15 0.004 YCO [g/g] 
Peak Average 0.035 0.003 0.10 0.008 
Peak 3.99 0.26 0.07 1.69 
Average 1.67 0.13 0.08 0.23 YCO2 [g/g] 
Peak Average 1.70 0.08 0.05 0.32 
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Figure 11: Best fit lines to peak average heat release rate values versus incident flux for “thick” 
GRP test with the edge frame. 
y = 0.0025x + 0.0176
R2 = 0.9928
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Figure 12: Typical plot of ignition data in order to derive material ignition properties: “Thin” 
GRP with carbon blackened surface.  “Red” points are the low flux data points used to determine 
"



























Figure 13: Typical plot of ignition data according to the ASTM E1321 procedure in order to 
derive material ignition properties: “Thin” GRP with carbon blackened surface.   “Blue” points 

























Figure 14: Typical plot of ignition data according to Janssens’ Improved Method in order to 





























Figure 15: Typical plot of ignition data according to Janssens’ Method with improved hc  
characterization to derive material ignition properties: “Thin” GRP with carbon blackened 























Figure 16: Typical plot of ignition data according to the presently developed hybrid J anssens’ 
Method with improved hc characterization to derive material ignition properties: “Thin” GRP 
with carbon blackened surface.   
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Table 30: Summary of time -to-ignition data for both composite systems and both surface 
treatments. 








10 No Ignition No Ignition No Ignition No Ignition 
15 No Ignition No Ignition 792 703 
1017 
1044 







25 537 584 136 191 
30 272 309 88 123 







40 115 139 54 66 







60 57 60 34 38 
75 38 38 29 24 22 
80 37 27 26 21 
85 36 25 24 19 
90 35 34 
27 




Table 31: Ignition data reduction uncertainty analysis, high-flux approximation, thick GRP, 
no carbon (e = 1.00) 
Y = q”cr       











M 0.0029 A 0.0002 0.0619 3232.4032 0.5754 
b -0.0267 A 0.0034 -0.1284 -347.8382 1.1932 
dY 1.3247 
Y 9.2928 Y = q”cr 
dY/Y 0.1426 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 291.0951 0.5822 
Tig 589.0951 A 20.9425 0.0356 0.0564 1.1804 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -2.9110 0.1455 
dY 1.3247 
Y 9.2928 Y = q”cr 
dY/Y 0.1426 
 
Y = krc       











M 0.0017 B 0.0001 0.0781 -4036.6219 0.5242 
Tig 589.0951 A 20.9425 0.0356 -0.0230 0.4827 
Tinf 298.0000 B 2.2000 0.0074 0.0230 0.0507 
dY 0.7144 
Y 5.4386 Y = krc 
dY/Y 0.1314 
 
Y = TRP  krc     











Tig 589.0951 B 20.9425 0.0356 0.4288 8.9802 
Tinf 298.0000 A 2.2000 0.0074 -0.4288 0.9434 
krc 5.4386 B 0.7144 0.1314 -11.4756 8.1980 
dY 12.1960 





Table 32: Ignition data reduction uncertainty analysis, high-flux approximation, thick GRP, 
carbon (e = 1.00) 
Y = q”cr       











M 0.0026 A 0.0001 0.0372 2959.8238 0.2889 
b -0.0204 A 0.0094 -0.4628 -381.0810 3.5949 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 262.3591 0.5247 
Tig 560.3591 A 71.4441 0.1275 0.0499 3.5655 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -2.6236 0.1312 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = krc       











M 0.0026 B 0.0001 0.0372 -1262.9303 0.1233 
Tig 560.3591 A 71.4441 0.1275 -0.0126 0.9025 
Tinf 298.0000 B 2.2000 0.0074 0.0126 0.0278 
dY 0.9113 
Y 2.6863 Y = krc 
dY/Y 0.3392 
 
Y = TRP  krc     











Tig 560.3591 B 71.4441 0.1275 0.6101 43.5903 
Tinf 298.0000 A 2.2000 0.0074 -0.6101 1.3423 
krc 2.6863 B 0.9113 0.3392 -29.7946 27.1509 
dY 51.3721 







Table 33: Ignition data reduction uncertainty analysis, high-flux approximation, thick GRP, 
carbon (e = 0.92) 
Y = q”cr       











m 0.0026 A 0.0001 0.0372 2959.8238 0.2889 
b -0.0204 A 0.0094 -0.4628 -381.0810 3.5949 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 280.2427 0.5605 
Tig 555.8233 A 71.4590 0.1286 0.0498 3.5597 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.0461 0.1401 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = krc       











m 0.0026 B 0.0001 0.0372 -1307.7587 0.1276 
Tig 555.8233 A 71.4590 0.1286 -0.0133 0.9511 
Tinf 298.0000 B 2.2000 0.0074 0.0133 0.0293 
dY 0.9601 
Y 2.7816 Y = krc 
dY/Y 0.3452 
 
Y = TRP  krc     











Tig 555.8233 B 71.4441 0.1285 0.5996 42.8457 
Tinf 298.0000 A 2.2000 0.0074 -0.5996 1.3191 
krc 2.7816 B 0.9113 0.3276 -27.7870 26.6786 
dY 50.4900 





Table 34: Ignition data reduction uncertainty analysis, high-flux approximation, thin GRP, no 
carbon (e = 1.00) 
Y = q”cr       











m 0.0047 A 0.0002 0.0349 1470.7559 0.2409 
b -0.0324 A 0.0021 -0.0661 -213.1074 0.4563 
dY 0.5160 
Y 6.9015 Y = q”cr 
dY/Y 0.0748 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 244.3498 0.4887 
Tig 542.3498 A 2.2966 0.0042 0.0462 0.1061 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -2.4435 0.1222 
dY 0.5160 
Y 6.9015 Y = q”cr 
dY/Y 0.0748 
 
Y = krc       











m 0.0019 B 0.0001 0.0783 -3784.1266 0.5653 
Tig 542.3498 A 2.2966 0.0042 -0.0296 0.0679 
Tinf 298.0000 B 2.2000 0.0074 0.0296 0.0650 
dY 0.5731 
Y 5.8542 Y = krc 
dY/Y 0.0979 
 
Y = TRP  krc     











Tig 542.3498 B 2.2966 0.0042 0.4133 0.9492 
Tinf 298.0000 A 2.2000 0.0074 -0.4133 0.9093 
krc 5.8542 B 0.5731 0.0979 -8.6255 4.9429 
dY 5.1147 








Table 35: Ignition data reduction uncertainty analysis, high-flux approximation, thin GRP, 
carbon (e = 1.00) 
Y = q”cr       











m 0.0036 A 0.0002 0.0685 1397.9243 0.3434 
b -0.0180 A 0.0053 -0.2966 -278.7544 1.4874 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 199.3460 0.3987 
Tig 497.3460 A 38.7793 0.0780 0.0379 1.4698 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -1.9935 0.0997 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = krc       











m 0.0025 B 0.0001 0.0301 -2420.9028 0.1846 
Tig 497.3460 A 38.7793 0.0780 -0.0308 1.1948 
Tinf 298.0000 B 2.2000 0.0074 0.0308 0.0678 
dY 1.2108 
Y 4.9783 Y = krc 
dY/Y 0.2432 
 
Y = TRP  krc     











Tig 497.3460 B 38.7793 0.0780 0.4482 17.3805 
Tinf 298.0000 A 2.2000 0.0074 -0.4482 0.9860 
krc 4.9783 B 1.2108 0.2432 -8.9735 10.8654 
dY 20.5210 






Table 36: Ignition data reduction uncertainty analysis, high-flux approximation, thin GRP, 
carbon, (e = 0.92) 
Y = q”cr       











m 0.0036 A 0.0002 0.0685 1397.9243 0.3434 
b -0.0180 A 0.0053 -0.2966 -278.7544 1.4874 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 211.7718 0.4235 
Tig 492.8301 A 38.4645 0.0780 0.0380 1.4623 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -2.3019 0.1059 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = krc       











m 0.0025 B 0.0001 0.0301 -2534.4296 0.1933 
Tig 492.8301 A 38.4645 0.0780 -0.0330 1.2694 
Tinf 298.0000 B 2.2000 0.0074 0.0330 0.0726 
dY 1.2861 
Y 5.2117 Y = krc 
dY/Y 0.2468 
 
Y = TRP  krc     











Tig 492.8301 B 38.4645 0.0780 0.4380 16.8488 
Tinf 298.0000 A 2.2000 0.0074 -0.4380 0.9637 
krc 5.2117 B 1.2861 0.2468 -8.1876 10.5298 
dY 19.8919 







Table 37: Ignition data reduction uncertainty analysis, ASTM E1321, thick GRP, no carbon (e 
= 1.00) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 405.5454 0.8111 
Tig 703.5454 A 26.4754 0.0376 0.0890 2.3558 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -4.0555 0.2028 
dY 2.5000 
Y 17.5000 Y = q”cr 
dY/Y 0.1429 
 
Y = hig       











q”cr 17.5000 B 2.5000 0.1429 0.0025 0.0062 
Tig 703.5454 A 26.4754 0.0376 -0.0001 0.0028 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0068 
Y 0.0432 Y = hig 
dY/Y 0.1572 
 
Y = krc       











h 0.0432 A 0.0068 0.1572 92.7760 0.6292 
m 0.0344 A 0.0021 0.0603 -116.3275 0.2416 
dY 0.6740 
Y 2.0017 Y = krc 
dY/Y 0.3367 
 
Y = TRP       











Tig 703.5454 B 26.4754 0.0376 0.7068 18.7129 
Tinf 298.0000 A 2.2000 0.0074 -0.7068 1.5550 
krc 2.0017 B 0.6740 0.3367 -71.5984 48.2549 
dY 51.7796 




Table 38: Ignition data reduction uncertainty analysis, ASTM E1321, thick GRP, carbon (e  = 
1.00) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 405.5454 0.8111 
Tig 703.5454 A 26.4754 0.0376 0.0890 2.3558 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -4.0555 0.2028 
dY 2.5000 
Y 17.5000 Y = q”cr 
dY/Y 0.1429 
 
Y = hig       











q”cr 17.5000 B 2.5000 0.1429 0.0025 0.0062 
Tig 703.5454 A 26.4754 0.0376 -0.0001 0.0028 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0068 
Y 0.0432 Y = hig 
dY/Y 0.1572 
 
Y = krc       











h 0.0432 A 0.0068 0.1572 96.1707 0.6522 
m 0.0338 A 0.0027 0.0794 -122.7703 0.3295 
dY 0.7307 
Y 2.0750 Y = krc 
dY/Y 0.3522 
 
Y = TRP       











Tig 703.5454 B 26.4754 0.0376 0.6942 18.3797 
Tinf 298.0000 A 2.2000 0.0074 -0.6942 1.5273 
krc 2.0750 B 0.7307 0.3522 -67.8410 49.5740 
dY 52.8935 








Table 39: Ignition data reduction uncertainty analysis, ASTM E1321, thick GRP, carbon (e  = 
0.92) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 436.5139 0.8730 
Tig 699.5928 A 26.3439 0.0377 0.0885 2.3321 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -4.7447 0.2183 
dY 2.5000 
Y 17.5000 Y = q”cr 
dY/Y 0.1429 
 
Y = hig       











q”cr 17.5000 B 2.5000 0.1429 0.0025 0.0062 
Tig 699.5928 A 26.3439 0.0377 -0.0001 0.0029 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0069 
Y 0.0436 Y = hig 
dY/Y 0.1573 
 
Y = krc       











h 0.0436 A 0.0069 0.1573 97.1172 0.6657 
m 0.0338 A 0.0027 0.0794 -125.1989 0.3361 
dY 0.7457 
Y 2.1160 Y = krc 
dY/Y 0.3524 
 
Y = TRP       











Tig 699.5928 B 26.3439 0.0377 0.6874 18.1101 
Tinf 298.0000 A 2.2000 0.0074 -0.6874 1.5124 
krc 2.1160 B 0.7457 0.3524 -65.2346 48.6451 
dY 51.9289 








Table 40: Ignition data reduction uncertainty analysis, ASTM E1321, thin GRP, no carbon (e 
= 1.00) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 342.2168 0.6844 
Tig 640.2168 A 34.4982 0.0539 0.0695 2.3981 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.4222 0.1711 
dY 2.5000 
Y 12.5000 Y = q”cr 
dY/Y 0.2000 
 
Y = hig       











q”cr 12.5000 B 2.5000 0.2000 0.0029 0.0073 
Tig 640.2168 A 34.4982 0.0539 -0.0001 0.0037 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0082 
Y 0.0365 Y = hig 
dY/Y 0.2241 
 
Y = krc       











h 0.0365 A 0.0082 0.2241 59.9477 0.4906 
m 0.0394 A 0.0023 0.0596 -55.5895 0.1305 
dY 0.5077 
Y 1.0948 Y = krc 
dY/Y 0.4637 
 
Y = TRP       











Tig 640.2168 B 34.4982 0.0539 0.9557 32.9701 
Tinf 298.0000 A 2.2000 0.0074 -0.9557 2.1026 
krc 1.0948 B 0.5077 0.4637 -149.3636 75.8310 
dY 82.7151 






Table 41: Ignition data reduction uncertainty analysis, ASTM E1321, thin GRP, carbon (e = 
1.00) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 342.2168 0.6844 
Tig 640.2168 A 34.4982 0.0539 0.0695 2.3981 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.4222 0.1711 
dY 2.5000 
Y 12.5000 Y = q”cr 
dY/Y 0.2000 
 
Y = hig       











q”cr 12.5000 B 2.5000 0.2000 0.0029 0.0073 
Tig 640.2168 A 34.4982 0.0539 -0.0001 0.0037 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0082 
Y 0.0365 Y = hig 
dY/Y 0.2241 
 
Y = krc       











h 0.0365 A 0.0082 0.2241 68.3007 0.5590 
m 0.0369 A 0.0009 0.0244 -67.6040 0.0609 
dY 0.5623 
Y 1.2474 Y = krc 
dY/Y 0.4508 
 
Y = TRP       











Tig 640.2168 B 34.4982 0.0539 0.8954 30.8883 
Tinf 298.0000 A 2.2000 0.0074 -0.8954 1.9698 
krc 1.2474 B 0.5623 0.4508 -122.8189 69.0603 
dY 75.6788 







Table 42: Ignition data reduction uncertainty analysis, ASTM E1321, thin GRP, carbon (e = 
0.92) 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 367.3309 0.7347 
Tig 635.9444 A 34.4254 0.0541 0.0692 2.3823 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.9927 0.1837 
dY 2.5000 
Y 17.5000 Y = q”cr 
dY/Y 0.1429 
 
Y = hig       











q”cr 12.5000 B 2.5000 0.2000 0.0030 0.0074 
Tig 635.9444 A 34.4254 0.0541 -0.0001 0.0038 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0083 
Y 0.0370 Y = hig 
dY/Y 0.2245 
 
Y = krc       











h 0.0370 A 0.0083 0.2245 69.1642 0.5744 
m 0.0369 A 0.0009 0.0244 -69.3242 0.0624 
dY 0.5778 
Y 1.2791 Y = krc 
dY/Y 0.4517 
 
Y = TRP       











Tig 635.9444 B 34.4254 0.0541 0.8842 30.4383 
Tinf 298.0000 A 2.2000 0.0074 -0.8842 1.9452 
krc 1.2791 B 0.5778 0.4517 -116.7995 67.4895 
dY 74.0615 






Table 43: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.73, 
a=0.547), thick GRP, no carbon (e = 1.00) 
Material Characterization 
C 955 
dC 58 n 0.724 
dC/C 0.06 
 
Y = q”cr       











m 0.0011 A 0.00003 0.0325 12410.217 0.4314 
b -0.0142 A 0.0034 -0.2433 -935.989 3.2254 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 352.8943 0.7058 
Tig 650.8943 A 43.7202 0.0672 0.0725 3.1716 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -4.0555 0.1764 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = hig       











q”cr 13.2589 A 3.2541 0.2454 0.0028 0.0092 
Tig 650.8943 A 43.7202 0.0672 -0.0001 0.0047 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0103 






Y = krc       











h 0.0376 A 0.0103 0.2750 91.2614 0.9429 
m 470.9714 A 30.8499 0.0655 0.0067 0.2053 
q”cr 13.2589 A 3.2541 0.2454 -0.2364 0.7692 
dY 1.2341 
Y 1.7144 Y = krc 
dY/Y 0.7198 
 
Y = TRP       











Tig 650.8943 A 43.7202 0.0672 0.7637 33.3904 
Tinf 298.0000 B 2.2000 0.0074 -0.7637 1.6802 
krc 1.7144 A 1.2341 0.7198 -78.6019 97.0022 
dY 102.6020 





Table 44: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.73, 
a=0.547), thick GRP, carbon (e = 0.92) 
Material Characterization 
C 385 
dC 18 n 0.500 
dC/C 0.05 
 
Y = q”cr       











m 0.0026 A 0.0001 0.0372 2962.6620 0.2891 
b -0.0204 A 0.0094 -0.4625 -381.1543 3.5949 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 280.3729 0.5607 
Tig 555.9431 A 71.4225 0.1285 0.0498 3.5597 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.0475 0.1402 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = hig       











q”cr 7.7729 A 3.6065 0.4640 0.0039 0.0140 
Tig 555.9431 A 71.4225 0.1285 -0.0001 0.0083 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0003 
dY 0.0163 






Y = krc       











h 0.0301 A 0.0163 0.5404 177.1603 2.8849 
m 447.7677 A 18.3444 0.0410 0.0109 0.1999 
q”cr 7.7729 A 3.6065 0.4640 -0.6278 2.2642 
dY 3.6728 




Y = TRP       











Tig 555.9431 A 71.4225 0.1285 0.6121 43.7157 
Tinf 298.0000 B 2.2000 0.0074 -0.6121 1.3466 
krc 2.6693 A 3.6728 1.3759 -29.5735 108.6168 
dY 117.0918 





Table 45: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.73, 
a=0.547), thin GRP, no carbon (e = 1.00) 
Material Characterization 
C 1626 
dC 137 n 0.994 
dC/C 0.08 
 
Y = q”cr       











m 0.0006 A 0.00002 0.0320 20583.868 0.4118 
b -0.0080 A 0.0020 -0.2481 -1600.733 3.1902 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 347.3203 0.6946 
Tig 645.3203 A 44.1966 0.0685 0.0709 3.1357 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.4732 0.1737 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = hig       











q”cr 12.8590 A 3.2166 0.2501 0.0029 0.0093 
Tig 645.3203 A 44.1966 0.0685 -0.0001 0.0047 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0104 






Y = krc       











h 0.0370 A 0.0104 0.2807 51.1389 0.5315 
m 335.4262 A 45.0937 0.1344 0.0052 0.2327 
q”cr 12.8590 A 3.2166 0.2501 -0.1346 0.4329 
dY 0.7239 




Y = TRP       











Tig 645.3203 A 44.1966 0.0685 1.0278 45.4245 
Tinf 298.0000 B 2.2000 0.0074 -1.0278 2.2611 
krc 0.9467 A 0.7239 0.7647 -188.5391 136.4856 
dY 143.8638 





Table 46: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.73, 
a=0.547), thin GRP, carbon (e  = 0.92) 
Material Characterization 
C 601 
dC 28 n 0.718 
dC/C 0.05 
 
Y = q”cr       











m 0.0016 A 0.00003 0.0196 6568.7398 0.2118 
b -0.0179 A 0.0032 -0.1799 -606.5818 1.9480 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 339.7291 0.6795 
Tig 610.5508 A 29.2805 0.0480 0.0625 1.8297 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.6927 0.1699 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = hig       











q”cr 10.8291 A 1.9595 0.1809 0.0032 0.0063 
Tig 610.5508 A 29.2805 0.0480 -0.0001 0.0032 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0071 






Y = krc       











h 0.0346 A 0.0071 0.2039 67.9605 0.4801 
m 342.2126 A 19.7979 0.0579 0.0063 0.1245 
q”cr 10.8291 A 1.9595 0.1809 -0.1988 0.3895 
dY 0.6306 




Y = TRP       











Tig 610.5508 A 29.2805 0.0480 0.9216 26.9854 
Tinf 298.0000 B 2.2000 0.0074 -0.9216 2.0276 
krc 1.1773 A 0.6306 0.5356 -122.3327 77.1431 
dY 81.7519 






Table 47: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.71, 
a=0.5), thick GRP, no carbon (e  = 1.00) 
Material Characterization 
C 955 
dC 58 n 0.724 
dC/C 0.06 
 
Y = q”cr       











m 0.0011 A 0.00003 0.0325 12410.217 0.4314 
b -0.0142 A 0.0034 -0.2433 -935.989 3.2254 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 352.8943 0.7058 
Tig 650.8943 A 43.7202 0.0672 0.0725 3.1716 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -4.0555 0.1764 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = hig       











q”cr 13.2589 A 3.2541 0.2454 0.0028 0.0092 
Tig 650.8943 A 43.7202 0.0672 -0.0001 0.0047 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0103 






Y = krc       











h 0.0376 A 0.0103 0.2750 129.6807 1.3399 
m 391.0730 A 32.9744 0.0843 0.0125 0.4108 
q”cr 13.2589 A 3.2541 0.2454 -0.3675 1.1958 
dY 1.8423 
Y 2.4362 Y = krc 
dY/Y 0.7562 
 
Y = TRP       











Tig 650.8943 A 43.7202 0.0672 0.6407 28.0109 
Tinf 298.0000 B 2.2000 0.0074 -0.6407 1.4095 
krc 2.4362 A 1.8423 0.7562 -46.4035 85.4889 
dY 89.9719 





Table 48: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.71, 
a=0.5), thick GRP, carbon (e = 0.92) 
Material Characterization 
C 385 
dC 18 n 0.500 
dC/C 0.05 
 
Y = q”cr       











m 0.0026 A 0.0001 0.0372 2962.6620 0.2891 
b -0.0204 A 0.0094 -0.4625 -381.1543 3.5949 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 280.3729 0.5607 
Tig 555.9431 A 71.4225 0.1285 0.0498 3.5597 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.0475 0.1402 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = hig       











q”cr 7.7729 A 3.6065 0.4640 0.0039 0.0140 
Tig 555.9431 A 71.4225 0.1285 -0.0001 0.0083 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0003 
dY 0.0163 






Y = krc       











h 0.0301 A 0.0163 0.5404 284.8736 4.6393 
m 379.4135 A 14.0155 0.0369 0.0226 0.3171 
q”cr 7.7729 A 3.6065 0.4640 -1.1045 3.9832 
dY 6.1228 




Y = TRP       











Tig 555.9321 A 71.4258 0.1285 0.4827 34.4752 
Tinf 298.0000 B 2.2000 0.0074 -0.4827 1.0619 
krc 4.2924 A 6.1228 1.4264 -14.5020 88.7935 
dY 95.2573 





Table 49: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.71, 
a=0.5), thin GRP, no carbon (e  = 1.00) 
Material Characterization 
C 1626 
dC 137 n 0.994 
dC/C 0.08 
 
Y = q”cr       











m 0.0006 A 0.00002 0.0320 20583.868 0.4118 
b -0.0080 A 0.0020 -0.2481 -1600.733 3.1902 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 347.3172 0.6946 
Tig 645.3172 A 44.1972 0.0685 0.0709 3.1357 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.4732 0.1737 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = hig       











q”cr 12.8590 A 3.2166 0.2501 0.0029 0.0093 
Tig 645.3172 A 44.1972 0.0685 -0.0001 0.0047 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0104 






Y = krc       











h 0.0370 A 0.0104 0.2807 70.4814 0.7325 
m 281.6746 A 45.2553 0.1607 0.0093 0.4193 
q”cr 12.8590 A 3.2166 0.2501 -0.2029 0.6528 
dY 1.0670 




Y = TRP       











Tig 645.3172 A 44.1972 0.0685 0.8755 38.6929 
Tinf 298.0000 B 2.2000 0.0074 -0.8755 1.9260 
krc 1.3047 A 1.0670 0.8178 -116.5218 124.3286 
dY 130.2247 





Table 50: Ignition data reduction uncertainty analysis, Janssens’ Improved method (A=0.71, 
a=0.5), thin GRP, carbon (e = 0.92) 
Material Characterization 
C 601 
dC 28 n 0.718 
dC/C 0.05 
 
Y = q”cr       











m 0.0016 A 0.00003 0.0196 6568.7398 0.2118 
b -0.0179 A 0.0032 -0.1799 -606.5818 1.9480 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 339.7291 0.6795 
Tig 610.5508 A 29.2805 0.0480 0.0625 1.8297 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.6927 0.1699 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = hig       











q”cr 10.8291 A 1.9595 0.1809 0.0032 0.0063 
Tig 610.5508 A 29.2805 0.0480 -0.0001 0.0032 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0071 






Y = krc       











h 0.0346 A 0.0071 0.2039 98.8239 0.6981 
m 290.3562 A 23.1481 0.0797 0.0118 0.2730 
q”cr 10.8291 A 1.9595 0.1809 -0.3162 0.6196 
dY 0.9725 




Y = TRP       











Tig 610.5508 A 29.2805 0.0480 0.7643 22.3782 
Tinf 298.0000 B 2.2000 0.0074 -0.7643 1.6814 
krc 1.7120 A 0.9725 0.5680 -69.7645 67.8444 
dY 71.4596 






Table 51: Ignition data reduction uncertainty analysis, Janssens’ Improved method with 
improved thermal characterization, (A=0.71, a=0.5), thick GRP, no carbon (e = 1.00) 
Y = q”cr       











m 0.0029 A 0.0002 0.0619 3232.4032 0.5754 
b -0.0267 A 0.0034 -0.1284 -347.8382 1.1932 
dY 1.3247 
Y 9.2928 Y = q”cr 
dY/Y 0.1426 
 
Y = q”cr       











hc 0.0150 B 0.0030 0.2000 266.4107 0.7971 
Tig 564.4107 A 18.6247 0.0330 0.0557 1.0381 
Tinf 298.0000 B 2.2000 0.0074 -0.0210 0.0461 
e 1.0000 B 0.0500 0.0500 -3.9854 0.1993 
dY 1.3247 
Y 9.2928 Y = q”cr 
dY/Y 0.1426 
 
Y = C1       











h1 0.0003 B 0.0001 0.0002 -1.4085 0.0001 
e 1.0000 B 0.0500 0.0500 0.0053 0.0003 
Tig 564.4107 A 18.6247 0.0330 -0.00002 0.0004 
Tinf 298.0000 B 2.2000 0.0074 0.00002 0.00004 
dY 0.0005 
Y 0.0048 Y = C1 
dY/Y 0.0970 
 
Y = krc       











C1 0.0048 A 0.0005 0.0970 1163.4273 0.5427 
m 0.0029 A 0.0002 0.0619 -1945.6790 0.3463 
dY 0.6437 






Y = TRP       











Tig 564.4107 A 18.6247 0.0330 0.5980 11.1367 
Tinf 298.0000 B 2.2000 0.0074 -0.5980 1.3155 
krc 2.7968 A 0.6437 0.2302 -28.4791 18.3334 
dY 21.4912 
Y 445.5368 Y = TRP 
dY/Y 0.0482 
  
Y = C0       











h0 0.0118 B 0.0024 0.0002 1.4085 0.0033 
e 1.0000 B 0.0500 0.0500 0.0281 0.0014 
Tig 564.4107 A 18.6247 0.0330 0.0001 0.0021 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0042 
Y 0.0447 Y = C0 
dY/Y 0.0930 
 
Y = krc       











C0 0.0447 A 0.0042 0.0930 125.1862 0.5201 
m -0.0267 A 0.0034 -0.1284 209.3409 0.7181 
dY 0.8867 
Y 2.7964 Y = krc 
dY/Y 0.3171 
 
Y = TRP       











Tig 564.4107 A 21.4912 0.0381 0.5980 12.8518 
Tinf 298.0000 B 5.0000 0.0168 -0.5980 2.9900 
krc 2.7964 A 0.8867 0.3171 -28.4858 25.2580 
dY 28.4969 






Table 52: Ignition data reduction uncertainty analysis, Janssens’ Improved method with 
improved thermal characterization, (A=0.71, a=0.5), thick GRP, carbon (e  = 0.92) 
Y = q”cr       











m 0.0026 A 0.0001 0.0372 2959.8238 0.2889 
b -0.0204 A 0.0094 -0.4628 -381.0810 3.5949 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = q”cr       











hc 0.0144 B 0.0029 0.2000 254.3324 0.7346 
Tig 531.9858 A 70.7381 0.1330 0.0498 3.5258 
Tinf 298.0000 B 2.2000 0.0074 -0.0217 0.0477 
e 0.9200 B 0.0460 0.0500 -3.9921 0.1836 
dY 3.6065 
Y 7.7669 Y = q”cr 
dY/Y 0.4643 
 
Y = C1       











h1 0.0003 B 0.0001 0.0002 -1.4085 0.0001 
e 0.9200 B 0.0460 0.0500 0.0060 0.0003 
Tig 531.9858 A 70.7381 0.1330 -0.00002 0.0017 
Tinf 298.0000 B 2.2000 0.0074 0.00002 0.0001 
dY 0.0017 
Y 0.0051 Y = C1 
dY/Y 0.3361 
 
Y = krc       











C1 0.0051 A 0.0017 0.3361 1469.3525 2.4985 
m 0.0026 A 0.0001 0.0372 -2832.7267 0.2765 
dY 2.5138 






Y = TRP       











Tig 531.9858 A 70.7381 0.1330 0.5187 36.6923 
Tinf 298.0000 B 2.2000 0.0074 -0.5187 1.1412 
krc 3.7167 A 2.5138 0.6763 -16.3276 41.0440 
dY 55.0658 
Y 451.0952 Y = TRP 
dY/Y 0.1221 
 
Y = C0       











h0 0.0118 B 0.0024 0.2000 1.4085 0.0033 
e 0.9200 B 0.0460 0.0500 0.0246 0.0011 
Tig 531.9858 A 70.7381 0.1330 0.0001 0.0065 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0001 
dY 0.0074 
Y 0.0393 Y = C0 
dY/Y 0.1886 
 
Y = krc       











C0 0.0393 A 0.0074 0.1886 189.1816 1.4016 
m -0.0204 A 0.0094 -0.4628 364.7194 3.4405 
dY 3.7151 
Y 3.7167 Y = krc 
dY/Y 0.9996 
 
Y = TRP       











Tig 531.9858 A 55.0658 0.1035 0.5187 28.5629 
Tinf 298.0000 B 5.0000 0.0168 -0.5187 2.5935 
krc 3.7167 A 3.7151 0.9996 -16.3275 60.6579 
dY 67.0965 









Table 53: Ignition data reduction uncertainty analysis, Janssens’ Improved method with 
improved thermal characterization, (A=0.71, a=0.5), thin GRP, no carbon (e = 1.00) 
Y = q”cr       











m 0.0047 A 0.0002 0.0349 1470.7559 0.2409 
b -0.0324 A 0.0021 -0.0661 -213.1074 0.4563 
dY 0.5160 
Y 6.9015 Y = q”cr 
dY/Y 0.0748 
 
Y = q”cr       











hc 0.0141 B 0.0028 0.2000 223.3601 0.6320 
Tig 521.3601 A 17.2655 0.0331 0.0463 0.7992 
Tinf 298.0000 B 2.2000 0.0074 -0.0201 0.0443 
e 1.0000 B 0.0500 0.0500 -3.1598 0.1580 
dY 0.5160 
Y 6.9015 Y = q”cr 
dY/Y 0.0748 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 1.0000 B 0.0500 0.0500 0.0063 0.0003 
Tig 521.3601 A 17.2655 0.0331 0.00003 0.0005 
Tinf 298.0000 B 2.2000 0.0074 0.00003 0.0001 
dY 0.0006 
Y 0.0058 Y = C1 
dY/Y 0.1015 
 
Y = krc       











C1 0.0058 A 0.0006 0.1015 529.2517 0.3131 
m 0.0047 A 0.0002 0.0349 -657.1975 0.1077 
dY 0.3311 






Y = TRP       











Tig 521.3601 A 17.2655 0.0331 0.8053 13.9042 
Tinf 298.0000 B 2.2000 0.0074 -0.8053 1.7717 
krc 1.5419 A 0.3311 0.2147 -58.3277 19.3129 
dY 23.8632 
Y 277.3571 Y = TRP 
dY/Y 0.0860 
 
Y = C0       











h0 0.0118 B 0.0024 0.2000 1.4085 0.0033 
e 1.0000 B 0.0500 0.0500 0.0236 0.0012 
Tig 521.3601 A 17.2655 0.0331 -0.0001 0.0017 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0001 
dY 0.0039 
Y 0.0402 Y = C0 
dY/Y 0.0972 
 
Y = krc       











C0 0.0402 A 0.0039 0.0972 76.6912 0.2997 
m -0.0324 A 0.0021 -0.0661 95.2367 0.2039 
dY 0.3625 
Y 1.5421 Y = krc 
dY/Y 0.2350 
 
Y = TRP       











Tig 521.3601 A 23.8632 0.0458 0.8053 19.2163 
Tinf 298.0000 B 5.0000 0.0168 -0.8053 4.0263 
krc 1.5421 A 0.3625 0.2350 -58.3175 21.1385 
dY 28.8499 





Table 54: Ignition data reduction uncertainty analysis, Janssens’ Improved method with 
improved thermal characterization, (A=0.71, a=0.5), thin GRP, carbon (e  = 0.92) 
Y = q”cr       











m 0.0036 A 0.0002 0.0685 1397.9243 0.3434 
b -0.0180 A 0.0053 -0.2966 -278.7544 1.4874 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = q”cr       











hc 0.0135 B 0.0027 0.2000 191.7621 0.5180 
Tig 474.4212 A 36.7486 0.0775 0.0389 1.4294 
Tinf 298.0000 B 2.2000 0.0074 -0.0207 0.0455 
e 0.9200 B 0.0460 0.0500 -2.8150 0.1295 
dY 1.5265 
Y 5.0149 Y = q”cr 
dY/Y 0.3044 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 0.9200 B 0.0460 0.0500 0.0080 0.0004 
Tig 474.4212 A 36.7486 0.0775 -0.00004 0.0015 
Tinf 298.0000 B 2.2000 0.0074 0.00004 0.0001 
dY 0.0016 
Y 0.0069 Y = C1 
dY/Y 0.2300 
 
Y = krc       











C1 0.0069 A 0.0016 0.2300 1067.0167 1.6848 
m 0.0036 A 0.0002 0.0685 -2042.1647 0.5016 
dY 1.7579 






Y = TRP       











Tig 474.4212 A 36.7486 0.0775 0.5225 19.2009 
Tinf 298.0000 B 2.2000 0.0074 -0.5225 1.1495 
krc 3.6630 A 1.7579 0.4799 -12.5824 22.1181 
dY 29.3122 
Y 337.6527 Y = TRP 
dY/Y 0.0868 
 
Y = C0       











h0 0.0118 B 0.0024 0.2000 1.4085 0.0033 
e 0.9200 B 0.0460 0.0500 0.0194 0.0009 
Tig 474.4212 A 36.7486 0.0775 0.0001 0.0028 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0001 
dY 0.0045 
Y 0.0344 Y = C0 
dY/Y 0.1294 
 
Y = krc       











C0 0.0344 A 0.0045 0.1294 212.7731 0.9479 
m -0.0180 A 0.0053 -0.2966 407.2339 2.1730 
dY 2.3707 
Y 3.6631 Y = krc 
dY/Y 0.6472 
 
Y = TRP       











Tig 474.4212 A 29.3122 0.0618 0.5225 15.3151 
Tinf 298.0000 B 5.0000 0.0168 -0.5225 2.6124 
krc 3.6631 A 2.3707 0.6472 -12.5817 29.8277 
dY 33.6314 







Table 55: Ignition data reduction uncertainty analysis, hybrid Janssens’ method with 
improved thermal characterization, (A=0.71, a=0.5), thick GRP, no carbon (e = 1.00) 
Material Characterization 
C 955 
dC 58 n 0.724 
dC/C 0.06 
 
Y = q”cr       











m 0.0011 A 0.00003 0.0325 12410.217 0.4314 
b -0.0142 A 0.0034 -0.2433 -935.989 3.2254 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = q”cr       











hc 0.0163 B 0.0033 0.2000 323.09141 1.0538 
Tig 621.0914 A 43.4171 0.0699 0.07065 3.0673 
Tinf 298.0000 B 2.2000 0.0074 -0.01631 0.0359 
e 1.0000 B 0.0500 0.0500 -5.26899 0.2634 
dY 3.2541 
Y 13.2589 Y = q”cr 
dY/Y 0.2454 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 1.0000 B 0.0500 0.0500 0.0044 0.0002 
Tig 621.0914 A 43.4171 0.0699 -0.00001 0.0006 
Tinf 298.0000 B 2.2000 0.0074 0.00001 0.00003 
dY 0.0006 






Y = krc       











C1 0.0039 A 0.0006 0.1631 1230.0179 0.7786 
m 0.0025 A 0.0001 0.0358 -1900.1663 0.1711 
dY 0.7972 
Y 2.3865 Y = krc 
dY/Y 0.3341 
 
Y = TRP       











Tig 621.0914 A 43.4171 0.0699 0.6473 28.1048 
Tinf 298.0000 B 2.2000 0.0074 -0.6473 1.4241 
krc 2.3865 A 0.7972 0.3341 -43.8182 34.9326 
dY 44.8575 






Table 56: Ignition data reduction uncertainty analysis, hybrid Janssens’ method with 
improved thermal characterization, (A=0.71, a=0.5), thick GRP, carbon (e  = 0.92) 
Material Characterization 
C 385 
dC 18 n 0.500 
dC/C 0.05 
 
Y = q”cr       











m 0.0026 A 0.0001 0.0372 2962.6620 0.2891 
b -0.0204 A 0.0094 -0.4625 -381.1543 3.5949 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = q”cr       











hc 0.0144 B 0.0029 0.2000 254.4579 0.7350 
Tig 532.1013 A 70.7049 0.1329 0.0499 3.5259 
Tinf 298.0000 B 2.2000 0.0074 -0.0157 0.0345 
e 0.9200 B 0.0460 0.0500 -3.9947 0.1838 
dY 3.6065 
Y 7.7729 Y = q”cr 
dY/Y 0.4640 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 0.9200 B 0.0460 0.0500 0.0060 0.0003 
Tig 532.1013 A 70.7049 0.1329 -0.00002 0.0017 
Tinf 298.0000 B 2.2000 0.0074 0.00002 0.0001 
dY 0.0017 






Y = krc       











C1 0.0051 A 0.0017 0.3358 1468.2604 2.4931 
m 0.0026 A 0.0000 0.0182 -2828.8050 0.1349 
dY 2.4968 




Y = TRP       











Tig 532.1013 A 70.7049 0.1329 0.5190 36.6986 
Tinf 298.0000 B 2.2000 0.0074 -0.5190 1.1419 
krc 3.7119 A 2.4968 0.6726 -16.3672 40.8649 
dY 54.9366 





Table 57: Ignition data reduction uncertainty analysis, hybrid Janssens’ method with 
improved thermal characterization, (A=0.71, a=0.5), thin GRP, no carbon (e = 1.00) 
Material Characterization 
C 1626 
dC 137 n 0.994 
dC/C 0.08 
 
Y = q”cr       











m 0.0006 A 0.00002 0.0320 20583.868 0.4118 
b -0.0080 A 0.0020 -0.2481 -1600.733 3.1902 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = q”cr       











hc 0.0162 B 0.0032 0.2000 317.9899 1.0285 
Tig 615.9899 A 43.8937 0.0713 0.0692 3.0367 
Tinf 298.0000 B 2.2000 0.0074 -0.0162 0.0356 
e 1.0000 B 0.0500 0.0500 -5.1426 0.2571 
dY 3.2166 
Y 12.8590 Y = q”cr 
dY/Y 0.2501 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 1.0000 B 0.0500 0.0500 0.0044 0.0002 
Tig 615.9899 A 43.8937 0.0713 -0.00001 0.0006 
Tinf 298.0000 B 2.2000 0.0074 0.00001 0.00003 
dY 0.0007 






Y = krc       











C1 0.0040 A 0.0007 0.1666 710.0497 0.4672 
m 0.0033 A 0.0002 0.0678 -840.8846 0.1901 
dY 0.5044 




Y = TRP       











Tig 615.9899 A 43.8937 0.0713 0.8444 37.0642 
Tinf 298.0000 B 2.2000 0.0074 -0.8444 1.8577 
krc 1.4025 A 0.5044 0.3596 -95.7283 48.2851 
dY 60.8987 





Table 58: Ignition data reduction uncertainty analysis, hybrid Janssens’ method with 
improved thermal characterization, (A=0.71, a=0.5), thin GRP, carbon (e  = 0.92) 
Material Characterization 
C 601 
dC 28 n 0.718 
dC/C 0.05 
 
Y = q”cr       











m 0.0016 A 0.00003 0.0196 6568.7398 0.2118 
b -0.0179 A 0.0032 -0.1799 -606.5818 1.9480 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = q”cr       











hc 0.0155 B 0.0031 0.2000 308.5483 0.9554 
Tig 581.8644 A 27.5358 0.0473 0.0615 1.6937 
Tinf 298.0000 B 2.2000 0.0074 -0.0168 0.0370 
e 0.9200 B 0.0460 0.0500 -5.1923 0.2388 
dY 1.9595 
Y 10.8291 Y = q”cr 
dY/Y 0.1809 
 
Y = C1       











h1 0.0003 B 0.0001 0.2000 -1.4085 0.0001 
e 0.9200 B 0.0460 0.0500 0.0050 0.0002 
Tig 581.8644 A 27.5358 0.0473 -0.00002 0.0004 
Tinf 298.0000 B 2.2000 0.0074 0.00002 0.00004 
dY 0.0005 






Y = krc       











C1 0.0041 A 0.0005 0.1245 716.9002 0.3646 
m 0.0034 A 0.0001 0.0379 -867.5939 0.1110 
dY 0.3811 




Y = TRP       











Tig 581.8644 A 27.5358 0.0473 0.8263 22.7530 
Tinf 298.0000 B 2.2000 0.0074 -0.8263 1.8179 
krc 1.4646 A 0.3811 0.2602 -80.0770 30.5149 
dY 38.1072 







Table 59: Ignition data reduction uncertainty analysis, flux-time product, thick GRP, no 
carbon (e = 1.00) 
q”cr 13.7348 Exponents 
dq”cr 3.2083 n 0.7213 
dq”cr/q”cr 0.2336 p 1.3863 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 359.3700 0.7187 
Tig 657.3700 A 41.9384 0.0638 0.0744 3.1214 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.5937 0.1797 
dY 3.2083 
Y 13.7348 Y = q”cr 
dY/Y 0.2336 
 
Y = hig       











q”cr 13.7348 A 3.2083 0.2336 0.0028 0.0089 
Tig 657.3700 A 41.9384 0.0638 -0.0001 0.0045 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0100 
Y 0.0382 Y = hig 
dY/Y 0.2612 
 
Y = FTP       










m 913.5159 A 29.7873 0.0326 19.3076 575.1217 
dY 575.1217 







Table 60: Ignition data reduction uncertainty analysis, flux-time product, thick GRP, carbon 
(e = 0.92) 
q”cr 8.5541 Exponents 
dq”cr 3.5630 n 0.5000 
dq”cr/q”cr 0.4165 p 2.0000 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 296.8735 0.5937 
Tig 571.1237 A 66.0737 0.1157 0.0531 3.5098 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.2269 0.1484 
dY 3.5630 
Y 8.5541 Y = q”cr 
dY/Y 0.4165 
 
Y = hig       











q”cr 8.5541 A 3.5630 0.4165 0.0037 0.0130 
Tig 571.1237 A 66.0737 0.1157 -0.0001 0.0076 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0003 
dY 0.0151 
Y 0.0313 Y = hig 
dY/Y 0.4817 
 
Y = FTP       










m 374.3498 A 13.9224 0.0372 748.6997 10423.6600 
dY 10423.6600 












Table 61: Ignition data reduction uncertainty analysis, flux-time product, thin GRP, no 
carbon (e = 1.00) 
q”cr 12.6663 Exponents 
dq”cr 3.2033 n 0.9640 
dq”cr/q”cr 0.2529 p 1.0374 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 344.5889 0.6892 
Tig 642.5889 A 44.5051 0.0693 0.0702 3.1233 
Tinf 298.0000 B 2.2000 0.0074 -0.0160 0.0352 
e 1.0000 B 0.0500 0.0500 -3.4459 0.1723 
dY 3.2033 
Y 12.6663 Y = q”cr 
dY/Y 0.2529 
 
Y = hig       











q”cr 12.6663 A 3.2033 0.2529 0.0029 0.0093 
Tig 642.5889 A 44.5051 0.0693 -0.0001 0.0047 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0104 
Y 0.0368 Y = hig 
dY/Y 0.2840 
 
Y = FTP       










m 1446.7860 A 46.8634 0.0324 1.3615 63.8035 
dY 63.8035 





Table 62: Ignition data reduction uncertainty analysis, flux-time product, thin GRP, carbon (e  
= 0.92) 
q”cr 11.0053 Exponents 
dq”cr 1.9418 n 0.7176 
dq”cr/q”cr 0.1764 p 1.3935 
 
Y = q”cr       











hc 0.0100 B 0.0020 0.2000 342.7752 0.6856 
Tig 613.3532 A 28.6107 0.0466 0.0632 1.8083 
Tinf 298.0000 B 2.2000 0.0074 -0.0169 0.0371 
e 0.9200 B 0.0460 0.0500 -3.7258 0.1714 
dY 1.9418 
Y 11.0053 Y = q”cr 
dY/Y 0.1764 
 
Y = hig       











q”cr 11.0053 A 1.9418 0.1764 0.0032 0.0062 
Tig 613.3532 A 28.6107 0.0466 -0.0001 0.0032 
Tinf 298.0000 B 2.2000 0.0074 0.0001 0.0002 
dY 0.0069 
Y 0.0349 Y = hig 
dY/Y 0.1985 
 
Y = FTP       










m 603.0518 A 11.7865 0.0195 17.3067 203.9856 
dY 203.9856 























Q ig  = 30 kW
Q ig  = 45 kW
Q ig   = 65 kW
Q ig  = 100 kW
 
Figure 17: Heat release rate curves for each of the four eight-layer GRP full-scale experiments 


















Q ig  = 5 kW
Q ig  = 8 kW
Q ig  = 30 kW
Q ig  = 100 kW
 
Figure 18: Heat release rate curves for each of the four one-layer GRP full-scale experiments 
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Compartment fire scenarios are of great interest due to the large loss of life and property 
that occurs annually in such fires.  Tremendous effort has been spent to understand and model 
compartment fire dynamics; particularly room/corner configurations used in material screening 
test protocols.  The result has been the development of empirical correlations, zone models, and 
computational fluid dynamics (CFD) models. Due to the current move towards performance-
based codes and a design process that uses “trade-offs” to achieve a required level of safety, 
models are required for performance evaluations and have become entrenched in building 
design. 1  With increasing acceptance by the regulatory system of model results, there is a 
growing need for detailed compartment fire data to insure that validity and demonstrate the 
accuracy of such engineering tools as they are used to ascertain performance. 
With design decisions being made based on the results of computer simulations, it is 
necessary to evaluate the predictive capability of the model being used.  It has been noted that 
vague statements of the “goodness” of model predictions to experimental data have been the 
norm.  The International Standards Organization (ISO), along with the Conseil International du 
Batiment (CIB) are working to establish a framework for model evaluation.1  In a recent progress 
report, three key elements of model evaluation were specified: peer review of theoretical basis of 
model, usability and practicality of models, and comparison of model prediction with experimental 
results.  The final element can be further broken down to include:  
(1) sources and quality of data, 
(2) uncertainty in experimental results, 
(3) methodology for transforming measured data into “useful” values, 
(4) measurement and measurement system requirements, 
(5) sensitivity analysis of the experimentally-based “model predictions”,  
(6) blind runs of the models, and  
(7) statistical and analytical comparisons.1   
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The first three items relate directly to the present work, which was carried out to provide eight 
complete data sets of quality useful data with quantified uncertainties.   
A series of full-scale room/corner and bench-scale cone calorimeter tests were carried 
out on two vinyl-ester composite systems to characterize flame spread and fire environment 
behavior and gather necessary material data for composite characterization and compartment fire 
model calibration.  The primary purpose of the compartment fire test series was to provide 
calibration data for flame spread models, the principal global metric for which is heat release rate.  
However, given the dearth of available compartment fire data, the opportunity was taken to 
provide instrumentation to provide additional data, which is also important for providing the 
means to calibrate the model within which the flame spread algorithm may be included, such as 
zone fire models like CFAST (Consolidated Fire and Smoke Transport Model) or CFD codes such 
as FDS (Fire Dynamics Simulator).  Measurements useful in calibrating such models include 
compartment temperatures, from which layer, neutral plane, and vent flow data can be derived, 
and heat fluxes to various surfaces within the compartment.   There is a particular lack of heat 
flux data available for compartment geometries. 
The data that has been generated can be divided into two distinct sets.  The first set 
describes the compartment lining fire environment and includes temperature profiles, vent flows, 
entrainment rates, and heat fluxes to locations throughout the compartment.  The second set can 
be applied to calibration of flame spread algorithms.2,3,4  The data set will consists of the heat 
release rate histories from the room corner tests, a global metric for evaluating flame spread, and 
the associated material properties as developed in bench-scale testing,5,6 required as for model 
input.   
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2. Experimental Set-Up 
2.1. Test Compartment 
The test compartment used for the experiments was the standard fire test compartment, 
located in the WPI Fire Sciences Lab.  The compartment measures 3.6 m x 2.4 m x 2.4 m in 
height, with a single door vent measuring 2.0 by 0.76 m centered on one of the short walls.  The 
walls and ceiling were covered with three layers of 1.6 cm (5/8") firecode sheet rock over a single 
layer of 1.2 cm plywood.  The walls and ceiling are supported by a steel stud frame, connected to 
the steel floor platform.  The floor was covered with one layer of 1.6 cm firecode sheet rock, 
resting on a steel grating floor.   The steel grating is approximately 0.3 m above the floor of the 
laboratory space.  The test compartment was placed next to a large-scale hood, 2.4 m x 2.4 m in 
dimension, to collect the products of combustion.  From the hood, the gas sampling line leads the 
oxygen depletion instrumentation, from which heat release rates will be calculated via oxygen 
consumption calorimetry.   The compartment is located within the WPI Fire Sciences Laboratory, 
thus providing a sheltered environment around the compartment.  The key parameters of the 
room calorimeter and large hood, necessary for calculating heat release rates, are summarized 
below. 
Table 1:  Key Hood Parameters for Heat Release Rate Calculations 
Parameter Value 
Hood Cross Sectional Area 0.1256 m 2 
Hood Setting Flow Rate 
Maximum  4.69 m3/s 
Medium  3.23 m3/s 
Listed Flow Rates  
Minimum  1.18 m3/s 
Hood Setting C-Factor 
Maximum  0.953 
Medium  0.975 
Velocity C-Factors (Vavg /Vcl) 
Minimum  0.954 
 
2.2. Ignition Burner and Gas Delivery 
The ignition source used throughout the experiments was a 0.17m square propane fired 
sand burner fabricated of 6mm plate steel to the specifications of ISO 9705.  The burner was 
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located approximately 0.3m off the floor flush against the specimen surfaces.  The burner was 
propane fire, supplied via a gas delivery system that allowed an approximate maximum heat 
release rate of 150 kW.  The flow of propane was controlled via a needle-valve and rotometer, 
with the rate of heat release being confirmed by mass loss measurements. 
 
Table 2:  Propane Properties 
Property Value for Propane -- C3H8 
(CAS Registry 74-98-6) 
Molecular Weight 44.11 kg/kgmole 
Density* 2.07 kg/m3 
Heat of Combustion (chemical) 43.7 kJ/g 
Lower Flammable Limit 2.1% 
Upper Flammable Limit 9.5% 
*At a pressure of 1.15x105 kPa, a temperature of 21C 
 
2.3. Thermocouple Trees 
To provide data regarding compartment temperature profiles, including two-layer 
environments, and vent flow rates thermocouple trees were provided in three locations in 
accordance with the methodology of Janssens and Tran.7  One rake was placed at the center of 
the doorway, one in the front left corner of the room opposite the ignition source, and one at the 
geometric center of the room. This configuration is shown in Figure xx.  Each rake consisted of a 
vertical array of 24 thermocouples spaced at ten-centimeter intervals from floor to ceiling. The top 
thermocouple was positioned approximately five centimeters below the ceiling. These 
thermocouples were formed from Omega Engineering’s high temperature glass insulated 24 
gauge Type K thermocouple wire.   
Five “isotherm stations” were positioned on each rake as a means of quantifying the 
degree of radiation error.  At each isotherm station, four thermocouples formed from different 
gauge wire were grouped closely to one another. These isotherm stations were positioned at 
0.15m, 0.65m, 1.25m, 1.75m, and 2.25m.  The thermocouples were made from 20, 24, 28, and 
30-gauge wire. The 20 gauge thermocouples were formed from Omega Engineering’s high 
temperature glass insulated thermocouple wire, and the 28 and 30 gauge thermocouples were 
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formed from Omega Engineering’s glass insulated thermocouple wire.  These thermocouples 
were situated within close proximity to one another.  
2.4. Heat Flux Gages 
Thin-skin calorimeters were constructed in accordance with ASTM E459 and located 
throughout the test compartment to provide a cost-effective means of providing heat flux 
measurements of large-scale compartment fires.  The calorimeters or plate thermometers were 
constructed of Inconel 718, a nickel based superalloy with a eutectoid temperature of 
approximately 1000 °C, cut into pieces 150mm x 150mm (6" x 6") was used as the metal.  The 
composition and properties of this alloy are summarized below.  The exposed surface of the 
inconel was coated with high-temperature rated black spray paint to attempt the provide an 
absorptivity very near to one.  The paint, which was manufactured by Rustoleum for use on 
outdoor grills, is rated to be resilient up to 650 °C. 
Table 3:  Inconel 718 Composition and Properties 
Alloy Composition Applications  Thermal Properties  
Density 8190 kg/m 3 
Thickness 0.0016 m 
(1/16") 
Specific Heat 435 J/kg-K 








Molybdenum                                                                                        
Nickel                                                                               




Titanium                                                                                       
0.2 - 0.8  
0.006 max 
0.08 max 





2.8 - 3.3 
50 – 55 













Source: http://www.principal metals.com, Principle Metals Online, February 1999 
 
To act as an insulating substrate a refractory ceramic fiberboard material, with the commercial 
name Duraboard H, produced by Fiberfrax was used.  The material properties of Duraboard H 
are summarized below.   In addition, the variation of thermal conductivity with temperature of the 
substrate material is shown in Figure 5.  Two pieces of 1/2" thick Duraboard, cut to 150 mm x 150 
mm (6" x 6"), were attached to the rear face of the inconel via a friction connection. 
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Table 4:  Material Properties of Duraboard LD 
Name Duraboard H 
Description Ceramic Fiberboard 
Density 415 kg/m 3 
Specific Heat 1,172 W/kgK 
260 C 0.098 W/mK 
538 C 0.121 W/mK 
816 C 0.161 W/mK 
Thermal Conductivity 
1093 C 0.228 W/mK 
 
A high-temperature glass insulated 24-gauge wire was intrinsically welded to the 
unexposed surface of the inconel plate so that detachment of the thermocouple from the plate 
would result in an open thermocouple reading, rather than false data.  The calorimeter is mounted 
to the walls, floor, or ceiling with coarse drywall screws and stainless steel washers.  The force 
developed by the screw is sufficient to provi de a friction bond between the Inconel and the 
insulating substrate material.  The construction of the thin-skin calorimeters is shown in Figure 3. 
Twenty five thin-skin calorimeters were constructed located throughout the room.  Six 
calorimeters were placed on the long wall opposite the ignition fire and five calorimeters were 
placed on the floor.  Additionally, two vertical series of five thin skin calorimeters were installed to 
as near as possible to the isotherm stations located on the thermocouple trees located in the 
doorway and the corner opposite the ignition fire.  An additional four calorimeters were mounted 
on the ceiling, though these are likely to be highly affected by the presence of a ceiling jet.  An 













3. Experimental Procedure 
The test protocol used throughout the room/corner experiments was a modification of the 
ISO 9705 standard where the HRR of the ignition fire was varied according to the Critical Ignition 
Source Strength (CISS)8,9 concept. The CISS represents the minimum ignition fire, which when 
exceeded, causes sufficient flame spread over a combustible interior finish material (CIFM), such 
as the composite systems, to result in flashover conditions.10  For the compartment used in these 
experiments, according to Thomas’ correlation, a fire exceeding 1200 kW is sufficient to cause 
flashover. 11  By coupling the exposure “threat” and the resultant fire growth, the CISS 
methodology provides a “more realistic” and subtle modeling challenge.9 
The wall-lining configuration, see Figure 2, is similar to the screening test protocol of UBC 
8-212.  The screening specimen is 0.61m wide and is installed on both walls of the corner from 
floor to ceiling, and along the full length of the upper portion of those walls that make up the 
corner.  Additionally, a 1.22m square ceiling was installed in the burner corner.   The composite 
materials tested in this project consisted of two distinct vinyl ester composite systems, 
manufactured and provided by TPI, Inc. in Warren, Rhode Island.  The two composite systems 
were chosen based on their thermal behavior and were similar to materials previously tested at 
WPI,13.  The typical end use configuration of glass reinforced plastics, (GRP), consists of thin 
outer skin layer(s) and a core material.   Problems associated with testing GRP's in the end use 
configuration include delamination, edge effects, and thermally thin behavior. A nominally 
thermally thick GRP skin was desirable as many analytical formulations and flame-spread 
algorithms have been developed using semi-infinite assumptions.  The “thermally thick” specimen 
consisted of eight layers of 560808 glass with a vinyl ester (VEX) resin.  A "thermally-thin" skin 
panel typical of that used in fast ferry construction, consisting of a one-layer GRP skin over a 
balsa core, was also tested to contrast its fire performance to the “thick” and to assess the 
present ability to model the burning of "thermally-thin" materials.  
The objective of the test program was to bracket the range of ignition or exposure fires 
that would result in sufficient spread of flame over the compartment lining material that flashover 
results.  The initial exposure fire utilized for the “thick” GRP specimen was 30 kW.  The resulting 
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exposure resulted in sub-critical conditions.  The subsequent test, run with a 100 kW ignition 
exposure fire, did result in what was deemed to be critical conditions or imminent flashover.   The 
third test with the “thick” GRP was completed with an ignition fire of 65 kW and again resulted in 
what was considered to be critical conditions or imminent flashover.  The fourth and final “thick” 
GRP test was completed with an exposure fire of 45 kW, with the result again being imminent 
flashover.   As a result the CISS was bounded between 30 and 45 kW.  All tests with the “thin” 
GRP resulted in flashover or imminent flashover conditions.  The ignition source strengths ranged 
from 100 kW down to approximately 5 kW.  The entire test series is summarized in Table 5. 
Table 5:  Compartment Testing Program 
Material Test Number ig
Q&  
[kW] 






1 30 115 775 No 
2 100 783 550 Yes (imminent) 
3 65 556 647 Yes (imminent) 
Eight-layer 
GRP 
4 45 560 869 Yes (imminent) 
5 100 1215 190 Yes 
6 30 3272 285 Yes 
7 8 837 522 Yes (imminent) 
One-layer GRP 
over 1” Balsa 
8 5 506 1612 Yes (imminent) 
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4. Data Reduction 
The data reduction met hods summarized in this section have been applied to the data 
gathered from each of the eight room/corner tests conducted for this project.  The results of the 
analysis are compiled on a per test basis in Appendices C through J. 
4.1. Heat Release Rate 
Flame spread is most often modeled as a propagating ignition front14, where additional 
material will not ignite and thus flame will not spread until certain condition(s) (e.g. ignition 
temperature) are met.  Thus the extent of flame spread is proportional to the amount of material 
that has ignited and is burning.  Therefore, the HRR is the principle quantity used in evaluating 
the predictive capability of a flame spread algorithm.  HRR was measured via oxygen 
consumption calorimetry in the present experimental series.  To assure accuracy of the heat 
release measurements, the oxygen consumption calorimetry instrumentation was calibrated prior 
to experimentation. 
The global heat release rates of the test fires were calculated via oxygen consumption 
calorimetry.  The oxygen consumption method of calorimetry is based on the findings of Thornton 
in 1917.  He found that for a large number of organic liquids and gases, a relatively constant net 
amount of heat is released per unit mass of oxygen consumed.  Huggett found this to be true for 
organic solids, obtaining an average of 13.1 kJ/g(O2).  It has been found that this value is typically 
+/- 5% accurate.  This principle has led to the development of testing equipment including the 
Cone Calorimeter, and the Large Oxygen Depletion System found in the WPI Fire Sciences 
Laboratory. 
Once the outputs from the data acquisition system were converted from raw voltages and 
properly scaled, and the system delay times had been accounted for the heat release rate is 
calculated, using an MS Excel Spreadsheet, from Parker’s O2 only equations.  The first step in 
















=f  [1] 
The next step is to calculate the gas velocity within the system.  This is done by taking pressure 
measurements from bi-directional probe located in the duct of the large hood and converting to 
















j = 0.926 for a bi-directional probe 
k = C-factors from Table XX 
A = duct cross-sectional area (0.126 m2) 
Ts = gas temperature in duct 
Dp = pressure differential  
The volumetric flow rate of air into the system can then be derived from the gas velocity through 
































































M 02 =mass ration of oxygen to air (1.10957) 
airr =density of air [kg/m
3] 
a =molar expansion factor (1.1 if unknowns are burning) 
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f =oxygen depletion ratio, calculation from equation 39 
0
02X =0.2095 (ambient oxygen fraction) 
AX 02  =analyzer oxygen fraction measurement 
=sV& volumetric gas flow from equation 40 
The equation assumes complete combustion and does not account for the presence of carbon 
monoxide.  Calculation error could be decreased if CO, CO2, and H20 analyzers were used in 
collecting data, which would require a different set of equations also provided in Parker's paper.  
To assure accuracy of the heat release measurements, the oxygen consumption calorimetry 
instrumentation was calibrated prior to experimentation.  Natural gas fires of known size were 
used to develop correction or “C” factors, where calc actC Q Q= & & .  Average values of C were 0.72 
+/- 0.03.  Using the equations of Parker and the pre-determined C-factor, the HRR history for 
each test was calculated.  Data from the point of burner ignition to the application of water 
(extinguishment activities) are presented in Figure 6 and Figure 7.    Although, only two tests 
resulted in a heat release rates that exceeded 1200 kW (Test 5 and Test 6), it is likely that all of 
the tests save for Test 1 would have resulted in flashover baed on the growing nature of the fire 
at the onset of extinguishment activities as evidenced by the slope of the HRR curves at the 
conclusion of the tests. The CISS for the thick GRP specimens was isolated between 30 and 
45kW, and under 5 kW for the thin GRP.   
4.2. Temperature Measurements and Radiation Corrections 
A problem encountered when using thermocouples in room fire testing is that the junction 
temperature at which the temperature measurement is made is not always equal to the 
temperature of the surrounding gases. This is usually caused by radiative heat transfer to or from 
the welded bead. A thermocouple with an infinitely small diameter will theoretically read the true 
temperature of the surrounding gases.  It is not possible to construct a thermocouple with an 
infinitely small diameter, but it is possible to estimate via extrapolation what such a thermocouple 
would read.  As mentioned previously, to address issues of finite response time15,16 and radiation 
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error17,18,19 associated with thermocouple measurements in fire environments, five locations on 
each thermocouple tree were instrumented with four different wire-gage bare-bead 
thermocouples (0.81mm or 20 AWG, 0.51mm or 24 AWG, 0.32mm or 28 AWG, 0.25mm or 30 
AWG).  The approach used is Young's correlation method15 of thermocouple compensation 
where radiative effects are included.  The four wire sizes result in varying time constants that will 
respond to the changing environment at different rates and will receive more or less radiation 
depending on their overall area according to a surface heat balance.   
( ) ( )44 NeNgNNchTCTC TTTThdt
dT
dc -+-= esr  [5] 
where: 
TCr  = thermocouple material density 
TCc  = thermocouple material specific heat 
chd  = thermocouple characteristic dimension  
NT  =  thermocouple (bead) temperature 
Nh  =  average heat transfer coefficient over thermocouple 
gT  =  (true) gas temperature 
eT  =  effective environment (radiating) temperature 
e  = thermocouple material emissivity 
s  = Stefan-Boltzman constant 
The characteristic dimension, dch-n, of the thermocouple during the heating phase was found to be 
the diameter of the wire itself and not the actual bead.  This is due to the lag in temperature rise 
at the bead, which is slightly larger in diameter than the wires themselves, as compared to the 
wires that form the bead.  The result is a “valley” in the temperature profile across the bead that 
does not result in an additional induced voltage.  As a result of this assumption, the present 
method of thermocouple compensation is valid only for the heating phase or during steady state 
conditions.        
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The convective heat transfer coefficient, hn, was calculated as recommended by Young
15 
using the correlation of Collis and Williamson20 for flow over wires that makes use of a 
















Nu  [6] 
 where: 
mT  = temperature half-way between the gas temperature and the thermocouple 
temperature 
Reynold’s numbers are calculated using a velocity of 0.5 m/s, recommended by Blevins and 
Pitts17 as typical for compartment fire induced velocities.  The emissivity, eb, of the thermocouples 
is assumed to be 0.80, typical for dull, oxidized metals17.   
In principle, the use of four wire gages should allow four unknowns to be calculated, 
however it was found that the thermocouples were too sensitive to environmental and orientation 
effects, resulting in unstable and inconsistent results.  Therefore, only pairs of two thermocouples 
were used to establish a system of two equations where the gas temperature, Tg, is calculated by 
solving for an effective environment temperature that is indicative of no particular surface or 
burning item.  It is an aggregate radiating temperature to which each of the thermocouples is 
exposed.  This approach results in Equation 7.   
( )4 42 12 1 2 2 1 1 2 1
2 1
1
g TC TC ch ch
dT dT
T c d d h T hT T T
h h dt dt
r es- -= - + - - -
-
æ öæ öæ ö
ç ÷ç ÷ç ÷
è øè øè ø
  [7] 
A total of six possible thermocouple pairings were possible. Gas temperatures were calculated 
using each of the six pairings, which were then averaged.  The 0.81mm or 20 AWG and 0.25mm 
or 30 AWG pairing resulted in the most consistent results and the lowest relative error to the 
average measurement. Nevertheless, the method can yield inconsistent results in environments 
where temperatures change rapidly.  Correction profiles were then developed by interpolating 
relative corrections between isotherm stations to be applied to all of the thermocouples. 
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Temperature corrections for thermocouples located in the lower layer were in excess of 
100 K, which is due to radiation from the hot upper layer.  Temperature corrections in the upper 
layer were generally lower (~ 10-50 K), which is likely due to the sooty nature of the fires and the 
evolution of an optically thick environment in the hot upper-layer.  Corrections for the isotherm 
station at the middle elevation were erratic due to the rolling nature of the interface between the 
upper and lower layers resulting in the thermocouples continually being cycled in and out of a hot 
layer.  Nevertheless, the corrections appear valid and qualitatively correct for relatively steady or 
slowly changing sub-critical environments.    
4.3. Layer Temperatures and Interface Height 
The series of tests provide temperature data for both sub- and super-critical compartment 
environments and thus provide a means for evaluating the ability of models to accurately predict 
temperatures in compartment fire scenarios especially as temperatures are used for structural 
performance and tenability criteria.  The corrected temperature measurements or “true” gas 
temperature has been used to generate accurate temperature profiles for comparison to 
predicted values as from computation fluid dynamics modeling (CFD).    Alternatively, the true 
gas temperature profiles can be analyzed to develop two-layer temperature profiles with a 
uniform upper-layer and a uniform lower-layer temperature with a corresponding interface height, 
as would be appropriate for the evaluation of zone models such as CFAST.   
The %N  Rule, suggested by Cooper et al. in 1982, can be used for determining 
interface height as well as upper and lower layer gas temperatures from thermocouple arrays.  
According to the rule, at time t  the interface is at an elevation where the temperature rise above 
ambient is equal to %N  of the maximum rise of the uppermost thermocouple over the 
interval t<0 .  A reference upper layer temperature difference ( )tTrefD , computed as a function 
of time,  is defined as the temperature of the top thermocouple at 0=t  subtracted from the 
maximum temperature seen at the top thermocouple up to time t :  
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( ) ( )[ ] ( )topambtopref zTtzTtT -=D  ,max   [8] 
 
The interface is defined as passing through the elevation ( )tzi  at that time t  when iz  first 
satisfies: 
 











( )tzT  ,  = temperature at elevation z  and time t  
topz  = elevation of top thermocouple 
( ) ( )0 , == tzTzTamb  
( )[ ]* ,max tzT  = maximum value of ( )tzT  ,  for the time interval *0 tt ££  
 
Values of 10, 15, and 20 have been suggested for N  and each have been applied to calculate 
the two layer equivalent.  Janssens and Tran report that 10=N  gives the best agreement with 
visual observations.  It has been found in this study that a value of N=20 provided the most 
consistent results.  Therefore, though results using all three values have been reported in 
Appendices B-I, results using N=20 have been used for subsequent calculations.  An alternative 
method recommended by Quintiere for evaluating layer temperatures from experimental 
measurements is to average the upper thermocouple readings satisfying the following 
expressions. 
( ) [ ] 11
0
1 --- +-=ò gligui
H
g TzTzHdzT  [10] 





Equation 10 is required for the conservation of mass; equation 11 is an averaging procedure, but 
has no physical meaning.  Equations 10 and 11 require an iterative solution process as there are 
three unknowns and only two equations.  The procedure recommended by Emmons includes (1) 
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estimating lT  from the bottom thermocouple reading, (2) taking iz  as the location where the 
slope of the temperature profile goes through a maximum, and (3) determining uT from equation 
48.  Janssens and Tran recommended estimating uT from and average of the upper 
thermocouple readings, obtaining iz  from the inflection point of the measured profile, and 
calculating lT  from equation 10.  Ye, et al.  recommend a statistical approach that always yield a 
definite value for the interface height, regardless of the absolute values of the upper and lower 
layer temperatures, thus necessitating the evaluation of the two-zone assumption based on the 
average layer temperatures.  The method developed and used in this study is as follows: 
1. Estimate the upper layer gas temperature, uT , from the N%.   
2. Solver for lT  and iz  from equations 10 and 11.    
For each experiment the interface elevation, zi, was determined to within +/-50 mm.  Again, 
though results are reported using N=10, 15, and 20, the results using only N=20 are used in 
subsequent calculations. 
4.4. Vent Mass Flow Rates 
The corrected temperature profiles were then used to calculate vent flow rates based on 


















































'1112r&   [13] 
A vent flow coefficient of 0.68 is used, which is expected to give calculations with +/- 10% error21.  
Ambient conditions are taken as the initial conditions outside the compartment.  Quasi-steady 
conditions are assumed such that the mass flow rate out of the vent, om& , is approximately equal 
to the mass flow rate into the vent, im& , allowing the system to be solved iteratively to determine 
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the neutral axis elevation, zn.  Neutral axis elevations were solved to the nearest 50 mm resulting 
in vent flows of 0.85 1.15i om m< <& & . It is assumed that the mass flow rate of propane and 
pyrolyzed fuel is small compared to the vent flow rates and are therefore ignored.  Average vent 
flow rates ranged from 0.5 kgs -1 up to 1.0 kgs -1.  Peak vent flow rates ranged from 0.6 to 1.6 kgs1.  
The results are summarized in Appendices C through J. 
4.5. Vent Mixing 
The model of Lim24, which assumes a mixing layer separates the hot upper and cold 
lower layers, can be applied to estimate doorway vent mixing throughout the experiments.  The 












































































=  [18]  
The vent mixing rates were typically 3-5% of the average vent flow rates. 
4.6. Wall Flows 
The method of Jaluria25 was applied to estimate wall flow rates.  This method required 
two-layer equivalents for both the gas temperatures and the interior wall temperatures.   Wall 
temperatures were taken from the thin-skin calorimeters or plate thermometers installed on the 
walls of the compartment.   The two-layer equivalent temperatures were calculated according to 
section 4.3.  Comparison of the wall and layer temperatures indicate that the wall temperature in 
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the lower layer is higher than the air temperature, resulting in an upward natural convective flow.  
In the upper layer, the air temperature is greater than the wall temperature resulting in downward 
flow.  The direction of the net flow is dependent on the momentum of the two flows at the 
interface.   







blD=  [19] 
The boundary layer length, blz , is dependent on the location of the interface.  For the lower layer 
or the upward flow, the boundary layer length is iz ; for the upper layer or the downward flow, the 








= r  [20] 
The per unit width mass flow rate for each layer is calculated as: 
( )5/24/1 101.0755.15.0 GrGrmw += m   [21] 
Early in the experiments the ratio of upward momentum to downward momentum was 
approximately 1.0, not until the ratio exceeded approximately 1.5, was the upward momentum 
considered sufficiently large to cause a net upflow across the interface at which point the flow 
rates were about 10-20% of the vent flow rates. 
4.7. Entrainment  
The compartment fire entrainment rate can be approximated by summing the flow rates 
calculated previously according to equation 60 26 
e av m wum m m m= + -& & & & [22] 








=f  [23] 
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where:  f = the equivalence ratio 
 S = the stoichiometric mass air-to-fuel ratio (assumed to be approximately 10) 
 fm& = the mass burning rate of fuel determined from the heat release rate measurement 
and know heat(s) of combustion. 
 em& = the estimated mass air entrainment rate calculated from equation 22. 
The approximate entrainment rates and equivalence ratios are also summarized in Appendices C 
through J.  
4.8. Heat Flux Measurements 
 
Heat flux measurements were made using thin skin calorimeters as described in ASTM 
E45927.  The basis of the thin-skin calorimeter is a one-dimensional heat fl ow analysis through a 
metallic material of known properties and thickness.  The net or hot wall heat flux is calculated 






r d=  [24] 
The net heat flux will also be referred to as the storage or heat build-up within the plate material. 
In order to calculate the incident or cold wall heat flux heat it is necessary to account for 
heat losses according to equation 24.   
( ) ( ) ( )( )" 4 4 3 "1 ,4s s i s s o conv s g b s cr s klatdTc q T T h T T T h T T qdtr d a e s e s= - - - - - + - -  [25] 
The left-hand side of the equation is the rate of increase in energy stored per unit area of 
the Inconel plate, calculated by multiplying the thermal capacitance of the plate material (a 
product of the material density, r, specific heat, c, and thickness, d) by the rate of change of 
temperature of the plate surface with respect to time, sdT dt
28.  The first two terms of the right-
hand side of the equation are the fraction of incident energy absorbed by the plate and the energy 
emitted or re-radiated by the material to the ambient environment (e.g., ~ 300 K).  The Inconel 
surface was painted with high-temperature spray-paint, with an absorptivity and emissivity 
previously determined to be as=es=0.92.   
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The third term on the right-hand side is the convective heat loss from the surface, where 
hconv is the convective heat transfer coefficient and Tg is the gas temperature taken from the 
corrected thermocouple measurements.  Forced convection with a velocity of 0.5 m/s was 
assumed for all wall and floor gages.  The velocities used for the ceiling gages were determined 
using Alpert’s ceiling jet correlations.  The correlations for the various convection correlations 
used are summarized in Table 6. The range of calculated Reynold’s numbers were found to 
correspond to laminar flow regimes.  
Table 6: Summary of convection correlations used for evaluation of thin skin calorimeters  
Flow Location Type Equation Restrictions 
Forced 
(laminar) All locations 
Average 
(Ts=const) 
3/12/1 PrRe664.0 LLuN =  50Pr6.0 ££  
Wall (vertical) Average 


















uN  None 
Free/Natural  








4/154.0 LL RauN =  
3/115.0 LL RauN =  
75 1010 ££ LRa  
107 1010 ££ LRa  




The second to last term on the right represents the losses into the ceramic fiberboard 
substrate in terms of a contact resistance as developed by de Ris and Khan29. The thermal 
contact is modeled by a temperature jump where heat is transferred at the interface by both 
radiation, ( )3 14 b s sT T Te s - , and conduction, ( )1cr sh T T- , where hcr is the interfacial conductance or 
contact resistance heat transfer coefficient with units of Wm-2K-1, eb is the emissivity of the 
unexposed surface of the plate, and T1 is the substrate surface temperature.  Bench-scale 
validation tests were carried out to determine both the appropriate value of the contact resistance 
heat transfer coefficient and the most appropriate constant value for the thermal conductivity of 
the substrate material.  The two parameters were varied to match predicted temperature profiles 
at depth to measured profiles.   The best fit across several validation tests was achieved with an 
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average contact resistance heat transfer coefficient of  340 Wm-2K-1.  The thermal conductivity of 
the substrate was taken to be a constant value of 0.135 W/mK corresponding to a mean 
temperature of approximately 600 °C between the surface and 0.0127m interface.  Conduction 
into the substrate is calculated using an implicit finite difference form with a convective surface 
boundary condition, where the convective coefficient is taken as the interfacial conductance plus 
the radiative portion such that 34cr sbh h Te s= + .    It was found that the losses into the substrate 
were as high as 20% of the incident flux.  The final term is lateral conduction across the plate 
surface which was determined in the cone calorimeter to be an approximate function of the 
temperature rise at the center of the plate given by ( )( )( )" 2, ,04 0.06k l a t s sq k T T d= - D , where d?is the 
plate thickness and D is equal to 0.0508m, the distance from the center where it was found in 
cone validation tests that there was a 6% decrease in the plate temperature rise. Lateral 
conduction losses account for less than 5% of the incident flux.  The lateral conduction loss term 
was only included in the analysis of the validation experiments.  The incident fluxes reported in 
Appendices C through J do not include the lateral conduction term, though the value has been 
calculated in the spreadsheet analysis.  Justification for including the lateral loss term would 
require further development. 
An important aspect of the thin skin calorimeter is its time constant or break frequency of 







t =  [26] 
Based on the material properties listed in Table 3, the response time of the instrument is 
calculated to be approximately 0.4 seconds.  The corresponding break frequency is 
( 3 1 2dbf pt- = ) 0.4 Hz.  The response time to the combined convective and radiative environment 
can be characterized as: 
h
c pdrt =  [27] 
 163 
 
where h  is the combined convective and radiative heat transfer coefficient, 3Thh c es+= .  
Based on the predicted convective heat transfer coefficients and the assumed range of radiating 
temperatures anticipated in the compartment , h is expected to range up to approximately 100 
W/mK.  Response to the combined convective and radiative portion, for flux levels typical of the 
compartment fires, is on the order of 60 seconds30, yielding a corresponding break frequency 
( 3 1 2dbf pt- = ) of 0.0027
27.  The thin skin calorimeter is therefore a fine choice for steady-state 
measurements or slowly developing fire environments.  Nevertheless, calibration experiments 
showed that the thin skins were still accurate to within 10% for events occurring at rates greater 
than the break frequency. 
 The previously developed model, using with natural or forced convective heat transfer 
coefficients, has been applied to each thin skin calorimeter for each of the eight room/corner 
tests.  The results are summarized in Appendices B though I.   
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regulator Matheson, model 3122-510  
ball valve  Whitey Co., model B63TS8 
rotometer V = 0.003 m3/s (5.93 SCFM) @ +/-2% accuracy of full scale flow rate 
needle valve Whitey Co., model B-1RS8 
Figure 1: Propane gas delivery system 
























Figure 2:  Fire test compartment schematic showing screening specimen configuration, burner 
location, and thermocouple instrumentation location. 
Compartment: 
· 2.4m x 3.6m x 2.4m 
Doorway: 
· 0.8m x 2.0m 
Specimen Configuration: 
· 0.61 m wide in burner corner 
· 0.61 m high along wall-ceiling interface 
· 1.22 m square “ceiling” over burner 
Burner: 




Walls and ceiling: 
· 3-layers 0.016 m Firecode 
Sheetrock 
· 1-layer 0.012 m fir plywood 
Floor: 
· 1-layer 0.016 m Firecode 
Sheetrock 
All Thermocouple (TC) Trees: 
· 0.10 m spacing 
Isotherm Stations Heights: 
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Figure 4:  Exploded View of Fire Room with Thin Skin Locations 












































Manufacturer Data Poly. (Manufacturer Data)
 






















Q ig  = 30 kW
Q ig  = 45 kW
Q ig   = 65 kW
Q ig  = 100 kW
 
Figure 6: Heat release rate curves for each of the four eight-layer GRP full-scale experiments 



















Q ig  = 5 kW
Q ig  = 8 kW
Q ig  = 30 kW
Q ig  = 100 kW
 
Figure 7: Heat release rate curves for each of the four one-layer GRP full-scale experiments 
conducted in the WPI ISO 9705 test compartment according to the critical ignition source strength 
theory. 
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1. Conclusions - General Summary 
 
The ability of engineering tools and models to accurately evaluate new materials and 
designs is paramount to the success of performance design.  The development of these tools is 
an ongoing process, part of which is the calibration of the tools against experimental data.  The 
process of and methods for comparing, quantitatively, experimental data to model output is a task 
left to others.  This work attempts to take a step in generating the experimental data for 
comparison, as it is needed according to The International Standards Organization (ISO) and the 
Conseil International du Batiment (CIB).  This was done by evaluating the performance of two 
composite glass-reinforced plastic (GRP) systems in full-scale room fire experiments.  The 
“thermally thick” specimen consisted of eight layers of 560808 glass vacuum infused with a vinyl 
ester (VEX) resin.  A "thermally-thin" skin panel typical of end-use construction, consisting of a 
one-layer GRP skin over a balsa core. Again vacuume infused with vinyl ester resin, was also 
tested to contrast its fire performance to the “thick” and to assess the present ability to model the 
burning of "thermally-thin" materials.  The present work provides a quality source of experimental 
compartment fire data, covering a range of phenomena from pre-flashover to flashover 
conditions.  Furthermore, a methodology has been developed that demonstrates that useful data 
can be generated from compartment fire tests with relatively inexpensive measurement 
techniques.   
1.1. Room/Corner Fire Tests 
A total of eight room/corner tests were conducted, four each on the two composist 
systems, utilizing a standard ISO 9705 fire room.  In lieu of using the standard ignition source 
(100 kW for 10 minutes and 300 kW for the following ten minutes), the ignition burner strength 
was varied in an effort to identify the critical ignition strength required to cause compartment 
flashover with the given lining material.  Accordingly, experiments were conducted for the 
thermally thick GRP with ignition fires of 30, 45, 65 and 100 kW, with the critical ignition strength 
bounded by the 30 and 45 kW fires.  Similarly, experiments were conducted for the thermally thin 
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GRP (one-layer 560808 glass over 1” standard balsa core, vacuum infused with vinyl ester resin) 
with ignition fires of 100, 40, 9, and 8 kW, with the critical ignition strength bounded below 8 kW.  
In total, the series of eight experiments provides an aggregate data set that can be used in 
calibrating engineering tools for both pre-flashover and flashover compartment fires. 
1.2. Material Properties 
This work also investigated instrument and calculation uncertainty in the determination of 
material properties and model parameters used in screening tools and models.  Uncertainty 
analysis of the calculated quantities was performed using the techniques developed in the 
literature.  Similar methods were applied to determine the uncertainty in other derived material 
parameters where slopes of best-fit lines are used in calculating “properties.”  The standard 
deviation of the best-fit line was used to represent the absolute uncertainty of the slope.  The 
analysis showed that the calculations are very sensitive to both the slope of the best-fit line.  The 
properties would serve as inputs to flame spread models or other screening criteria that would 
predict full-scale burning behavior, while the calculated uncertainties would serve not only as 
error bands on the properties, but would also as a basis for sensitivity analyses of predictive 
models. 
The uncertainties calculated in the cone heat release rate are of the same magnitude as 
those reported by Enright and Fleischmann and Axelsson, et al.  From the analysis, it was found 
that the most important parameter was the oxygen measurement.  From the heat release rate, 
total heat released per unit area was developed.  The results indicate that the two material 
systems were distinct.  As expected, the heats of combustion of the two material systems 
undergoing surface burning were similar and any variations fell within the calculated uncertainty.  
Heats of gasification of the two material systems were also distinct, although the inconsistencies 
in the methods indicate that the simplifications applied in deriving the parameter may need further 
review.   
The principle distinction in materials combustion properties was found to be the effective 
heat of gasification.  The values found the “thin” specimen ranged from 10 to 20 kJ/g, whereas 
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the values for the “thick” specimen ranged from 20 to 38 kJ/g depending on which calculation 
method was adopted.  The variation across materials in part explains the difference seen in large-
scale burning behavior of the two materials, particularly in terms of the critical ignition source 
strength.  Thus, the analysis methods seem able to minimally resolve the effect of substrate on 
the material burning behavior.   
However, the variation in the heat of gasification for a given material depending on which 
data reduction method is used indicates a potential problem with the techniques and thus any 
method to accurately predict flame spread over such composite materials.  During cone 
calorimeter testing of the given materials, the peak heat release rate occurred early, with 
relatively steady burning thereafter for the “thick” GRP or decay for the “thin’ GRP.  The heats of 
gasification were found by a variety of methods making use of various heat release rate 
measurement (e.g., peak, peak average, average).  The lowest heats of gasification were found 
to be associated with the peak heat release rate measurements, the highest were associated with 
the average heat release rate measurements.  This effect is likely due to the layered composite 
construction.  Early during the tests, the vinyl ester resin at the specimen surface and contained 
in the topmost layer of glass is readily ignited.  As the materials burn, the inert glass is left in 
place and ultimately serves as both a radiation shield and a physical barrier to the diffusion of 
pyrolysates.   
Ignition properties including the ignition temperature, critical heat flux, minimum heat flux 
for ignition, and the effective thermal inertia were determined for each of the materials according 
to a number of data reduction techniques.  Uncertainties in derived material parameters, 
determined largely from applying the standard deviation of the slope of the best-fit line as an 
absolute uncertainty in Taylor’s method, ranged from 10% up to 80%, which draws into question 
the assumptions made in the models used to define the material parameters.   This assessment 
is supported by the inability to develop material properties from ASTM E1321 methods that fully 
differentiate the “thin” and “thick” GRP systems despite distinct burning behavior.  It can be 
concluded that current ignition and pyrolysis models are too simple to effectively define properties 
or predict burning behavior of complex materials such as composites.    Variations between the 
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values of ignition properties, particularly effective thermal inertia, using different data reduction 
techniques indicate that such properties are not fundamental and depend largely on the 
assumptions inherent in the data reduction techniques.  This conclusion is supported by the 
range in values observed using Janssens’ improved method and various coefficients as 
recommended by Janssens.  Therefore, it can be concluded that the use of any predictive model 
would require the material properties or, more correctly, model parameters be determined using a 
method consistent with the model physics.  This would also indicate that any screening criteria 
that make use of properties determined in bench-scale testing would require such properties to 
be determined in a fully consistent manner. 
Treatment of the material surface also resulted in significant variation in material 
properties.  Deviation from the thermally-thick or semi-infinite assumption was evident for the 
“thick” specimens when the surface was not blackened.   It is therefore implied, that surface 
spectral properties are important during testing, particularly if the material is found to be 
transmissive such that there would be heating at depth prior to ignition, thus violating the one-
dimensional semi-infinite conduction heating assumptions often used in the formulation of simple 
ignition models.  Material properties were determined both with and without the blackened 
surface conditions, as the materials were tested in the large-scale without such treatement. 
In total, a comprehensive analysis was undertaken to determine material combustion and 
ignition properties for the two composite systems investigated in this study.  The material 
properties were determined according to not only the standard methods (i.e., ASTM 1354 and 
ASTM E1321), but also alternative methods as they appear in the literature.  Equivalent 
uncertainty analyses were performed for each calculation methodology, thus establishing a 
guideline or framework for providing measurement or property uncertainties regardless of data 
reduction techniques.   The properties serve as inputs for predictive or deterministic modeling of 
the full-scale, where the uncertainty values provide limits for sensitivity analyses of model results 
and ideally effectively providing probabilistic bounds within which the predicted results lie. 
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1.3. Compartment Fire Dynamics Data 
The WPI ISO 9705 test compartment was instrumented to provide, in addition to heat 
release rate, temperature and heat flux data.  Three arrays or rakes of bare-bead thermocouples 
were provided within the compartment to record temperatures.  A total of twenty-five thin skin 
calorimeters were arrayed throughout the compartment to record surface temperatures and heat 
fluxes.  The instrumentation chosen for the room/corner tests were robust, but relatively simple, 
thus requiring significant analysis to ascertain useful data. 
Bare-bead thermocouples are subject to radiation error and finite response time such that 
the recorded temperatures are not necessarily reflective of the actual gas temperatures.  
Recognizing this fact, it was decided to provide a means of correcting for such errors by providing 
a series of “multi-bead” stations or elevations with multiple (four) thermocouples of varying size.  
A method was developed by taking a heat balance at the bead surface allowing for finite 
response time, convective heat transfer, and radiative heat transfer to solve for the “true” gas 
temperature.  Although four measurements were provided at nominally identical locations, the 
method required the use of only two thermocouple measurements.     
The methodology provided what appear to be qualitatively correct results in that 
thermocouple measurements within the upper (hot) layer tended to read below the true gas 
temperature, while those in the lower (cool or quiescent) layer read higher than the true gas 
temperature.  Both results are logical when considering radiation losses from thermocouple 
beads in the upper layer to the surrounding environment and radiation gains from the upper layer 
to thermocouples in the lower layer.  In further support of this conclusion are the relative 
corrections for measurements in the upper layer versus those in the lower layer.  Corrections in 
the upper layer tended to be small and decreased with time as the fire developed, which is 
consistent with the upper layer becoming optically thick with time.  Corrections in the lower layer 
tended to be larger, consistent with the thermocouple “seeing” significant radiation from the fire 
and upper-layer. 
The thermocouple compensation methodology was, however, subject to certain 
limitations.  The correction results show that the method did not work well for those tests in which 
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the compartment became fully involved in combustion, including flames in the upper layer.  For 
these tests, the corrections implied by the method appear random and illogical.  This was 
particularly true for tests involving the “thin” specimens in which the transition to flashover was 
rapid.   
The calculations also appear to introduce “noise” to the measurements.   This 
observation is particularly true for thermocouples at elevations near the layer interface where it is 
possible for the thermocouple to cycle in and out of the hot layer given a “rolling” and non-uniform 
layer.  It is possible that the calculated true gas temperature is picking up a real phenomenon at 
the “rolling” interface, though this would need to be verified with further investigation. 
The corrected temperature measurements have been used in a number of data reduction 
techniques to provide estimates of the following: 
· Interface height and layer temperatures, 
· Vent mass flows, 
· Wall flows, 
· Vent mixing, 
· Mass entrainment. 
The above-mentioned quantities have been calculated for each of the eight room-corner tests, 
thus providing a comprehensive data set for compartment fires involving real materials that can 
be used for evaluating the predictive models. 
A procedure for calculating incident heat fluxes to thin skin calorimeters or plate 
thermometers has been developed.  The model includes the finite response of the plate or thin 
skin, re-radiation or radiative losses to the ambient environment, convective losses or gains to the 
surrounding gas calculated assuming both natural and forced convection (assuming v=0.5 m/s), 
and conductive losses to the thin skin substrate.  The conduction term accounts for radiation from 
the back surface of the plate to the substrate surface and conduction across the gap through use 
of a contact resistance heat transfer coefficient.  The conduction losses were calculated using a 
one-dimensional, implicit finite-difference formulation with a “convective” boundary condition at 
the front surface and constant temperature boundary condition at the rear face.  The value of the 
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contact resistance was found from matching temperature measurements from bench-scale tests 
using the cone calorimeter as the incident flux source.  In addition, the constant value of the 
thermal conductivity used for the analyses was found by averaging the temperatures at the 
surface and at 0.013 m (1/2”) depth.  The result of assuming a constant thermal conductivity 
associated with elevated temperatures is an over-prediction of losses at early times.  The 
calibration work demonstrated that the model was able to predict temperature profiles and 
incident heat fluxes to within 10%. 
The model has been applied to each of the twenty-five thin-skin calorimeters for each of 
the eight tests.  The best results were found to be for those thin-skin calorimeters at low level 
within the compartment.  That is the results of the model seem most consistent for those thin-
skins that are at higher temperature than the surrounding gas temperature and are not immersed 
in an optically thick environment where the primary mode of heat transfer is convective.   
Nevertheless, the thin skin calorimeters provide heat flux data for compartment or room/corner 
fires involving real materials ranging from sub-critical or pre-flashover to super-critical or post-
flashover compartment conditions. 
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2. Future Work  
The uncertainty analysis performed on the derived material properties indicated 
shortcomings in current data reduction techniques and models.  Similar uncertainty analyses 
ought to be developed and performed for alternative data reduction techniques, including any 
developed for consistency with developing flame spread and pyrolysis models. 
Further evaluation of the calculated heats of gasification is warranted as the results 
display inconsistencies.  Given that there is an apparent time dependent aspect of the effective 
heat of gasification for layered composites, as studied in this project, there is evidence that either 
the simplified pyrolysis model cannot be applied to such materials or an improved model needs to 
be developed that can incorporate such behavior.  To develop an improved model it would be 
necessary to verify the mechanism for the apparent change in the heats of gasification.  This 
could be done, in part, by comparing the burning of a vinyl ester plastic without reinforcing glass 
to that of the materials examined in this study. 
Evaluation of the statistical parameters used in determining the uncertainty of parameters 
determined using the slope of a best-fit line ought to be examined, including other forms of the 
standard deviation of the slope of the best-fit line. 
Application of the material “properties” or model parameters in actual flame spread 
algorithms or predictive models ought to be carried out to determine the ability of existing flame 
spread algorithms to capture the burning behavior of composite material.  This would 
demonstrate what deficiencies may exist in the current models. 
Given the apparent, though limited success of the temperature correction technique 
developed in this study it would be of interest to evaluate the error introduced into calculations 
through the use of uncorrected temperatures. 
The temperature correction or thermocouple compensation model can be further 
explored.  Alternative methods for bare-bead thermocouple compensation can be applied to the 
temperature measurements and evaluated for their ability to correct for temperatures in rapidly 
changing and flaming environments.  It should also be determined whether the noise seen for 
 181 
calculated temperatures near layer interfaces is a real phenomenon or if it is a shortcoming of the 
temperature correction technique. 
The thin skin calorimeter model can be further developed to include temperature 
dependent substrate properties.  A sensitivity analysis of the conduction model should also be 
performed to determine any effect of spatial or temperature resolution.  The model should also be 






Appendix A – Composites Testing at WPI 
 
A1. Composites Testing 
A1.1  Fire Characteristics of Cored Composite Materials  
In recent years, the testing of composite materials for marine applications has received 
greater attention.  In 1996, Lt. Andrew Grenier of the United States Coast Guard analyzed two 
types of cored composites: a GRP/Balsa cored sandwich and a GRP/PVC foam cored sandwich.  
He focused on bench-scale fire testing of the cored composite materials with emphasis on the 
analysis of ignition data to derive material properties for use in material classification and fore 
modeling.  He noted the recent developments in fire modeling based on material properties 
derived from bench-scale test data.1   Therefore, data on ignitability, heat release rate, and 
smoke production were measured in the Cone Calorimeter in accordance with ASTM E1354. It 
was found that ignition behavior is non-thick, suggesting that skin thickness and core (substrate) 
composition was important.  Grenier used two methods to determine ignition properties, the first 
method was the one developed by Quintiere and Harkleroad specified in ASTM E13212 and the 
second was one developed by Janssens.3  These material properties were then used as input 
into Quintiere's fire growth model.  The input parameters (ignition temperature, thermal inertia, 
and the heat of gasification) were varied to demonstrate the sensitivity of the model's output to 
material properties.4 
Grenier noted a number of complications in testing cored composite materials.  First of 
all, the cored composites may not react as a solid homogeneous material.  Cored composites 
may undergo delamination of the GRP skin, melting or ignition of the foam core, and notable 
edge effects.  It was also noted that the Janssens' method for determining material properties 
gave more consistent answers than those given by the method found in ASTM E1321.  Janssens' 
method was better able to resolve the behavior of the different core material because it is able to 
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handle thermally thin materials as well as those that behaved thermally thick.  Janssens' method 
also provided a useful analysis tool for determining a material's behavior, which allows better 
correlation of the ignition data in the semi-infinite range.1   
Furthermore, Grenier noted the importance of being careful when selecting material 
property data for use in fire models.  In particular, Quintiere's fire growth model showed sensitivity 
to certain input parameters like ignition temperature, thermal inertia, and especially heat of 
gasification.   Therefore, great care must be taken in determining material properties for use in 
fire growth models such as Quintiere's.1 
A1.2  Ignition Characteristics of Marine Cored Composites 
In 1998, David Jacoby completed experimental work on balsa cored composite materials 
being considered for use as fire restricting materials in high speed craft to determine ignition 
properties needed to simulate surface flame spread behavior.  The goal of the work was to 
understand how skin thickness and core composition/thickness effect ignition.  Ten material 
systems were evaluated in a cone calorimeter according to ASTM E13545 (ISO 5660) at incident 
heat fluxes of 20 kW/m2 to 90 kW/m2. To systematically investigate the effect of kin thickness and 
core composition the material systems under investigation included GRP skins consisting of 
560808 glass in VEX resin at three thicknesses: 1.5mm (1 layer), 3mm (2 layers), and 8 mm (4 
layers) over a 9.5mm balsa core.  Because the balsa core has the potential to decompose upon 
heating, two additional thermally inert substrates were evaluated in conjunction with the three 
GRP skins; a 25 mm thick copper substrate and 25 mm thick ceramic fiberboard.4  The behavior 
of the two substrates and the balsa core relative to the GRP skin can be determined by 
evaluating the ratios thermal inertia.  If the ratio is great than one the substrate will act as a heat 
sink; if the ration is less than one it will act as an insulator.  The copper substrate will act as a 
heat sink and the balsa and ceramic fiberboard will behave as an insulator.6  A thermally thick 
GRP skin (8 layers) was also investigated.  PMMA at three thicknesses (3.2mm, 6.4mm, and 
13mm) over two substrates (copper and Duraboard) was examined as a baseline.   
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The ignition data was used to determine when the materials changed from semi-infinite behavior 
to non-thick.  Three ignition reduction methods, ASTM E13212, Janssens' improved method, and 
the method of Delichatsios, were used to determine the following material properties; critical heat 
flux, ignition temperature, thermal inertia, thermal conductivity, and specific heat.  The issues of 
skin thickness and core composition, and their effect on material properties were investigated.  
The results of the experiment showed dependence on sample thickness for the change from 
semi-infinite behavior with less effect from a change of substrate (either insulating or heat sink). 
The data collected from the cone calorimeter was then analyzed using a number of 
methods.  First, the ignition data were plotted to determine when a change in behavior (i.e., 
thermally thick to thermally thin) of the material occurred.  Most theories for ignition and flame 
spread assume semi-infinite behavior.    The layers of a composite, such as the skin of a panel, 
may be very thin so that it would not behave as a semi-infinite material.  A thermally thick material 
can be described as on that ignites prior to the thermal wave reaching the rear surface of the 
panel.  A material that is behaving semi-infinitely would have identical ignition data regardless of 
thickness or substrate.  If the thickness D of a wall or slab is great than 4Öat (a is the thermal 
diffusivity and t is time in seconds), which is associated with the location of a non-dimensional 
temperature rise of 0.005, then the slab can be treated as a semi-infinite solid.  If the equation is 
reworked with a constant heat flux boundary condition, rather than a constant temperature 
boundary condition, the result is D = 3.1Öat.  This equation can be used to determine when the 
thermal wave will hit the back surface of the slab.4  
The data was then reduced using three ignition theories, all of which assume that the 
material being evaluated is "thermally simple."  The ignition data was reviewed for outliers and a 
standard deviation was calculated for each of the runs.  The standard deviation was used to 
define the range of uncertainty for each average value of ignition.  Non-thick behavior was 
indicated by a variation in ignition time greater than two standard deviations.  This is consistent 
with the definition that semi-infinite behavior would result in identical ignition data regardless of 
thickness or substrate.  Using the standard method for ignition reduction specified in ASTM 
E13212, Janssens' improved method3, and the method of Delichatsios 7, the material properties of 
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critical heat flux, ignition temperature, and thermal inertia were determined.  The sensitivity of the 
three models was examined by dividing the data for each specimen into a "thick" only data set 
and a set that incorporates all of the data. 
As a result of the investigation by Jacoby, it was found that the ignition models could not 
resolve the effect of skin thickness and core composition.  This was evident of the lack of 
systematic variation in ignition properties.  There was also significant overlap of ignition properties 
for the thick only data set and the all data set.  This indicated that the models used to evaluate 
the material properties were not sensitive to the change in behavior over the range of applied 
heat fluxes evaluated.  It was found that the choice of substrate was not significant as long as it 
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Appendix B – Uncertainty Analysis 
 
B1. Introduction   
When evaluating material systems for use in the built environment, material thermal and 
combustion properties are often required either directly as screening criteria or as input into 
models and flame spread algorithms designed and intended to predict material burning.  The 
uncertainty of material properties and experimental output can directly impact screening criteria 
as such protocols make use of absolute cutoff values to distinguish materials according to a 
pass/fail basis or into material categories as in the EUROCLASS system.  Predictive fire models 
are often still crude in their calculations and incorporate a number of simplifications or empirically 
based correlations.  As a result, such models have an inherent level of uncertainty.  Even if a 
given model has been sufficiently validated against well documented and accurate experimental 
data, such a model can still give spurious results if the input data are inaccurate and the material 
properties are uncertain.   
One of the current practices adopted to address and account for the uncertainty of input 
parameters is to perform a sensitivity analysis where the input parameters are varied by some 
amount to determine the effect of a certain percentage change in the inputs on the resultant 
prediction.  The magnitude of the variation of the input properties has been based largely on 
literature values plus-or-minus some arbitrary percentage of the base or mean value.  Many 
modern materials, including composites such as glass reinforced plastics (GRP’s), have 
properties that may not be consistent with those literature values for similar materials.  This is due 
to a number of factors including differences in the composition of the matrix material (i.e. vinyl 
ester, polyester, phenolic resins, etc.) and differences in construction such as skin this and core 
material.   A sensitivity analysis was feasible a feasible for models that were relatively simple in 
their structure and required moderate computational times.  Current computational fluid dynamics 
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(CFD) computer codes, that solve the navier stokes equations of state for a three-dimensional 
meshed computational domain, can require enormous computational time depending on the grid 
mesh and resolution, thus making a full sensitivity analysis impractical.   
A second approach to accounting for model uncertainty is to apply a safety factor to the 
results, either some additive amount or multiplier.  Without adequate guidance, such an approach 
may overstate the accuracy of a model’s predictions.  Such guidance must necessarily come from 
work completed to validate or calibrate the models against experimental data.  However, there is 
a lack of such data of sufficiently quality to perform the required calibration exercises to then pass 
the information with respect to model accuracy on to the practicing engineer in order for life safety 
evaluations to be performed with confidence. 
B2. Uncertainty 
B2.1 Types of Uncertainty 
In performing fire protection analyses, whether it be a life safety evaluation or prediction 
of material behavior, there are several parameters and inputs that are required.  As a result, there 
are several types of uncertainty that need to be addressed in order to properly evaluate model 
outputs.  Uncertainties arise in model physics and assumptions made to develop models, the 
values of the inputs, reliability of devices and/or instrumentation, and the frequency of events.  
Quantities that arise in performance-based analyses include (1) model inputs, (2), model 
structure, (3) model output.   
Model inputs can take two forms; empirical quantities such as heat release rate or smoke 
production rate and defined constants such as the gravitational constant.  Defined constants are 
certain by nature and are thus distinguishable from empirical quantities, whose uncertainty can be 
represented in probabilistic terms.  Such uncertainty is the focus of the present work.  Uncertainty 
also arises in how the model domain is defined such as the size of the control volume modeled in 
zone model analyses or the grid size and number of cells used in computational fluid dynamics 
studies.  These parameters are not often given much attention, though model output can vary 
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significantly depending on the domain structure.  Model outputs or outcome criteria are 
dependent upon the input parameters.  Therefore, the uncertainty of outcome criteria needs to be 
determined by the treatment of the input uncertainty.  Vital in performance-based analyses are 
decision variables and value parameters against which model outputs are compared with.  An 
example of a decision variable is the desired level of life safety that needs to be established by 
the project stakeholders.  Value parameters represent the preferences of the stakeholders 
including risk tolerance or value of life.  Such parameters are crucial in risk management based 
approaches. 
In validating models there are three primary types of uncertainty of interest.  These 
include, (1) experimental uncertainty, (2) uncertainty in data set, and (3) predictive behavior 
uncertainty of the model relative to the experimental results.  The predictive behavior uncertainty 
is further broken down to theory and model uncertainty, calculation limitations, and the level of 
detail of the model.  The present work is focused mostly on the experimental uncertainty and the 
uncertainty in the data set by first of all recognizing the existence of experimental uncertainty and 
instrumentation limitations, which in turn results in measured and derived experimental results 
such as heat release rate and thermal inertia.  
B2.2 Dealing with Uncertainty 
A number of analysis tools have been outlined for evaluating and understanding 
uncertainty in engineering analyses.  These will be summarized briefly below: 
Importance Analysis: Determines which of the uncertain input variables contributes most to the 
uncertainty in the outcome variable calculated on a relative scale from 0 
to 1, where 0 indicates that the input uncertainty has no effect on the 
outcome and 1 indicates that all of the uncertainty in an output is due to 
the uncertainty in a single input variable. 
Sensitivity Analysis: Assesses the consequence of input uncertainty on the output by applying 
variations to the various input parameters.    Such an analysis is usually 
performed by applying some arbitrary percentage variation to the input 
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parameters, i.e. a 10% variation in ignition temperature.   Such an 
approach permits the identification of those parameters that are most 
important to the outcome. 
Parametric Analysis: Detailed information regarding the effect of certain input variables is 
discerned by systematically varying each input variable, while holding all 
others constant.    
Switchover Analysis: A form of parametric analysis where the critical value of an input is 
found, if it exists, that results in a significant enough change in the value 
of the outcome to result in a change in the ultimate decision relative to 
some criteria. 
Comparative Analysis: Compares the risks and costs to similar risks. 
Bounding:  Evaluates the consequences of the extremes of possible values of an 
uncertain quantity. 
Expert Elicitation: Where hard data is unavailable, experts can be consulted to approximate 
the uncertainty of a certain quantity. 
Despite the availability of the tools listed above, there are still restrictions to performing a 
definitive uncertainty analysis.  The primary restriction is that quantification of the uncertainty of 
input variables is rarely available.  Traditionally, uncertainty has been dealt with by saying that a 
certain experimental result or calculation method is “accurate to within +/- 5%.”  Such an 
anecdotal approach is applied only to certain techniques or measurements, such as oxygen 
consumption calorimetry and not to all experimental measurements.   
Because uncertainty is not often dealt with in experimental measurements, it is rarely 
dealt with in model evaluations aside from arbitrary sensitivity or parametric analyses.  However, 
such an approach may overstate or understate the uncertainty of a given input variable.  
Overstating or overestimating uncertainties is a conservative or “safe” approach in that the 
accuracy of a measurement or modeling approach is not overstated, however such an approach 
may not produce usable results.  However, underestimating uncertainty can lead to an overly 
optimistic statement into the results of a measurement or modeling result.  For example, a 
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derived material property input could potentially have an uncertainty on the order of 50 to 100%.  
Obviously, a 20% variation in a model input would not effectively capture an actual uncertainty of 
a greater magnitude.  A formal approach to evaluating uncertainty in input parameters would 
provide a more comprehensive basis for evaluating the uncertainty in model outputs.  This 
approach however, would deal only with “hard” inputs that come from laboratory measurements 
and not “soft” inputs dealing with human behavior. 
B2.3 Experimental Uncertainty 
Regardless of the care taken in experimental procedures, there are errors in 
measurements due to instrument limitations or conditions that are intrinsic to the environment, i.e. 
radiation errors in temperature measurements in combusting environments.  Errors in 
measurements can take two principle forms, systematic and random errors.  Systematic errors 
result in bias and can be accounted for with calibration of instruments against known quantities.  
Random errors result in a dispersion of measured values and are often represented as an upper 
and lower bound on measured properties.  The resulting errors in measurement will propagate 
through subsequent calculations.  This is of importance because many physical quantities cannot 
be measured directly with a single measurement, rather through calculation of other 
measurements through some functional relationship.  For example, heat release rate is not 
measured directly rather through oxygen depletion (and/or species production), gas temperature, 
and pressure measurements.  The measurements are combined in an analytical equation with an 
approximate scaling factor, E, that relates the amount of heat released to the mass of oxygen 
consumed.  Errors in the three measurements and the uncertainty in the E parameter result in a 
level of uncertainty in the quantity of interest.   It can be seen that most measurements involve 
the two steps of measurement and subsequent calculation.  As a result, the determination of 
uncertainty in the measurements also requires two steps; (1) determination of the uncertainties of 
the direct measurements, and (2) determination of how the uncertainties “propagate” through 
calculations and affect the final answer or derived quantity of interest. 
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B2.3.1 Measurement Uncertainties      
The primary source of experimental uncertainty comes from direct measurements and 
are a result of the resolution of the scales used and the proper definition or framing of the quantity 
to be measured.  The latter can also be referred to as operational uncertainty.  Further 
uncertainty with respect to experimentation results from random variation of the subjects being 
studied, such as differences in materials due to inconsistencies in manufacturing processes.  
Measurement uncertainties are classified as Type “A” if they are determined from data via from 
statistical methods, such as the average signal noise in electronically collected data, or Type “B” 
if they are based on judgments, specifications, or experience, such as a measurement being 
accurate to within some percentage of the entire scale.  Experimental measurements will likely 
include both types of measurement uncertainty. 
B2.3.2 Propagation of Uncertainties 
The manner in which uncertainties will propagate through calculations will depend on the 
nature of the calculation.  The various methods are included in Table B1.   When the desired 
quantity is a function of several variables, sensitivity coefficients are used to evaluate the 
uncertainty.  Sensitivity coefficients for each measured quantity are determined from the partial 
differentiation of the formula for the desired quantity with respect to the measured quantities.  
They represent the relative sensitivity of the final calculated quantity on each of the variable 
inputs. 
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Appendix C – Test 1 Compartment Fire Data 
 C2 
 
Test Number 1 
Date 1999 April 07 
Material Name Thick GRP 
Material Description Eight-layer 560808 glass vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 32 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 167 
tpeak [s] 775 
tend [s]* 1800 
 Gross Net 
HRRpeak [kW] 115 83 
THR [MJ] 111 51 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -10 -6 -12 -5 -7 
max 22 52 9 2 1 
avg 11 13 -3 -1 -3 
Rake 1 
(vent) 
median 11 12 -3 -1 -3 
min 2 -10 -11 -14 -8 
max 26 34 3 3 -3 
avg 14 11 -5 -4 -3 
Rake 2 
(corner) 
median 14 11 -6 -4 -3 
min 4 -10 -23 -27 -11 
max 26 10 5 0 2 
avg 15 3 -7 -14 -5 
Rake 3 
(center) 
median 15 3 -7 -15 -5 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 292 min 297 min 292 min 297 min 292 min 297 
max 416 max 463 max 447 max 476 max 463 max 482 N% 
avg 375 avg 403 avg 396 avg 413 avg 406 avg 417 
min 292 min 297 min 292 min 297 min 292 min 297 





avg 375 avg 403 avg 396 avg 413 avg 406 avg 417 
min 289 min 292 min 289 min 292 min 289 min 292 
max 308 max 306 max 311 max 308 max 312 max 308 N% 
avg 302 avg 299 avg 304 avg 300 avg 305 avg 300 
min 295 min 298 min 295 min 298 min 295 min 298 





avg 317 avg 313 avg 319 avg 314 avg 319 avg 314 
min 0.65 min 1.45 min 1.65 min 1.65 min 1.75 min 1.65 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 1.38 avg 1.64 avg 1.67 avg 1.72 avg 1.76 avg 1.75 
min 1.33 min 1.56 min 1.73 min 1.71 min 1.81 min 1.80 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 
Mass 
Equivalency 
avg 1.62 avg 1.76 avg 1.82 avg 1.83 avg 1.88 avg 1.86 
min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.52 0.29 0.28 0.28 0.80 
max 2.05 0.65 0.67 0.64 1.16 
avg 1.69 0.51 0.51 0.51 1.00 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 5.6E-06 2.4E-03 0.27 0.00 0.12 0.00 1.0 300 299 297 292 
max 9.7E-03 1.1E-02 800 0.12 0.23 0.19 56 849 343 482 308 
avg 3.3E-03 7.5E-03 3 0.08 0.19 0.11 2.4 346 325 417 300 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.17 0.02 0.01 0.02 0.01 
max 0.38 0.06 0.03 0.08 0.03 
avg 0.30 0.04 0.02 0.04 0.02 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.28 0.04 0.12 0.20 0.000 0.002 0.02 
max 0.64 0.14 0.23 0.51 0.004 0.016 0.16 
avg 0.51 0.07 0.19 0.38 0.002 0.005 0.05 
 C4 
 
Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max N/A N/A N/A N/A N/A N/A N/A TSC-1 
avg N/A N/A N/A N/A N/A N/A N/A 
max 1.1 0.5 0.6 0.1 0.0 1.8 1.9 TSC-2 
avg 0.2 0.3 0.3 -0.1 -0.1 0.7 0.7 
max 1.5 0.6 0.7 0.2 0.1 2.6 2.6 TSC-3 
avg 0.2 0.4 0.4 -0.0 -0.0 1.1 1.1 
max 0.6 0.3 0.3 0.1 0.0 0.7 0.7 TSC-4 
avg 0.1 0.1 0.2 -0.2 -0.2 0.2 0.3 
max 0.6 0.3 0.3 -0.0 -0.0 0.7 0.7 TSC-5  
(from 300s) avg 0.2 0.2 0.1 -0.2 -0.1 0.3 0.4 





avg 0.1 0.1 0.2 -0.2 -0.2 0.2 0.2 
max N/A N/A N/A N/A N/A N/A N/A TSC-7 
avg N/A N/A N/A N/A N/A N/A N/A 
max 3.9 1.6 1.8 0.0 0.0 6.4 6.6 TSC-8 
avg 0.4 1.0 0.8 -0.4 -0.3 2.0 2.1 
max 2.7 1.0 1.3 0.0 0.0 3.9 3.9 TSC-9 
avg 0.3 0.7 0.6 -0.6 -0.5 1.1 1.2 






avg N/A N/A N/A N/A N/A N/A N/A 
max 0.8 0.4 0.4 0.5 0.4 1.8 1.7 TSC-11 
avg 0.2 0.2 0.3 0.3 0.2 1.0 0.9 
max 1.3 0.3 0.5 0.4 0.3 2.4 2.4 TSC-12 
avg 0.2 0.2 0.3 0.3 0.2 0.9 0.9 
max 1.2 0.3 0.5 0.4 0.3 2.2 2.1 TSC-13 
avg 0.1 0.2 0.2 0.2 0.2 0.8 0.8 
max 1.0 0.3 0.4 0.3 0.3 1.8 1.8 TSC-14 
avg 0.1 0.1 0.2 0.2 0.2 0.7 0.7 






avg 0.1 0.1 0.2 0.2 0.1 0.6 0.5 
max N/A N/A N/A N/A N/A N/A N/A TSC-16 
avg N/A N/A N/A N/A N/A N/A N/A 
max 1.4 0.5 0.6 0.1 0.1 2.1 2.1 TSC-17 
avg 0.2 0.3 0.3 -0.1 -0.1 0.8 0.8 
max 0.7 0.3 0.3 0.2 0.2 1.3 1.3 TSC-18 
avg 0.1 0.1 0.2 0.1 0.1 0.6 0.6 
max 0.6 0.2 0.3 0.2 0.3 1.2 1.2 TSC-19 
avg 0.1 0.1 0.1 0.2 0.2 0.5 0.6 





TSC-20 avg 0.1 0.1 0.1 0.1 0.2 0.4 0.5 
max 2.6 1.0 1.2 -0.1 0.0 4.0 4.1 TSC-21 
avg 0.3 0.6 0.6 -0.4 -0.3 1.3 1.3 
max 1.5 0.5 0.6 0.2 0.2 2.5 2.5 TSC-22 
avg 0.2 0.3 0.3 -0.1 -0.2 0.8 0.8 
max 0.9 0.3 0.4 0.4 0.4 1.8 1.9 TSC-23 
avg 0.1 0.2 0.2 o.2 0.3 0.8 0.9 
max 0.8 0.3 0.4 0.4 0.4 1.6 1.6 TSC-24 
avg 0.1 0.2 0.2 0.2 0.2 0.8 0.8 





avg 0.1 0.1 0.2 0.2 0.2 0.7 0.7 
 C5 













































Rake 1 Temperature Corrections 








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction




































































































Rake 2 Temperature Corrections 








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction



































































































Rake 3 Temperature Corrections 








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction








































































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  












































































































          
C
18
TSC-1 Wall (broken thermocouple) 









































































































































































































































































































































































































































































































































































          
C
24
TSC-7 Ceiling (broken thermocouple) 




















































































































































































































































































          
C
27
TSC-10 Ceiling (broken thermocouple) 










































































































































































































































































































































































































































































































































































          
C
33
TSC-16 Corner (broken thermocouple) 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D – Test 2 Compartment Fire Data 
 D2 
 
Test Number 2 
Date 1999 April 10 
Material Name Thick GRP 
Material Description Eight-layer 560808 glass vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 110 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 120 
tpeak [s] 550 
tend [s]* 550 
 Gross Net 
HRRpeak [kW] 783 673 
THR [MJ] 222 166 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -103 -60 -59 -79 -31 
max 33 64 2 3 2 
avg -6 13 -24 -18 -12 
Rake 1 
(vent) 
median -4 15 -29 -14 -14 
min -88 -31 -85 -95 -84 
max 56 78 6 5 1 
avg 3 26 -35 -37 -39 
Rake 2 
(corner) 
median 3 28 -35 -41 -46 
min -281 -53 -116 -141 -60 
max 106 55 8 3 3 
avg -8 8 -42 -59 -26 
Rake 3 
(center) 
median 1 10 -41 -67 -29 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 293 min 301 min 293 min 301 min 293 min 301 
max 580 max 679 max 678 max 721 max 720 max 755 N% 
avg 488 avg 556 avg 517 avg 578 avg 547 avg 594 
min 293 min 301 min 293 min 301 min 293 min 301 





avg 488 avg 556 avg 517 avg 578 avg 547 avg 594 
min 290 min 294 min 290 min 294 min 290 min 294 
max 349 max 340 max 374 max 353 max 390 max 365 N% 
avg 327 avg 312 avg 337 avg 315 avg 345 avg 318 
min 254 min 300 min 296 min 300 min 296 min 300 





avg 301 avg 321 avg 336 avg 327 avg 353 avg 331 
min 0.05 min 0.52 min 0.25 min 0.94 min 0.35 min 1.18 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 0.80 avg 1.41 avg 1.06 avg 1.51 avg 1.28 avg 1.58 
min 0.14 min 0.52 min 0.34 min 0.99 min 0.44 min 1.18 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 0.93 avg 1.46 avg 1.16 avg 1.55 avg 1.38 avg 1.61 
min 1.60 min 1.60 min 1.60 min 1.60 min 1.60 min 1.60 














Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.31 0.41 0.48 0.45 0.56 
max 2.05 1.27 1.27 1.24 1.14 
avg 1.64 0.93 0.97 0.95 0.95 
 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 4.5E-06 4.1E-04 0.07 0.00 0.06 -0.06 0.52 299 299 301 294 
max 7.5E-03 1.7E-02 676.71 0.12 0.23 0.16 59.96 655 486 755 365 
avg 5.6E-03 7.5E-03 3.20 0.11 0.17 0.06 1.80 439 363 594 318 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.28 0.01 0.01 0.01 0.01 
max 1.10 0.06 0.07 0.06 0.08 
avg 0.68 0.03 0.03 0.03 0.03 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.45 0.02 0.06 0.33 0.000 0.006 0.06 
max 1.25 0.08 0.23 1.16 0.029 0.047 0.47 
avg 0.95 0.04 0.17 0.77 0.015 0.029 0.29 
 
       
       
       
       




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 14.1 20.0 6.8 0.5 0.3 36.8 36.7 TSC-1 
avg 5.1 5.5 3.6 -0.4 -0.4 15.1 15.1 
max 5.6 4.6 3.7 0.0 0.0 11.7 11.6 TSC-2 
avg 2.6 1.2 1.7 -1.2 -1.4 4.8 4.6 
max 12.9 11.8 5.4 0.0 0.0 23.0 23.2 TSC-3 
avg 4.1 3.2 2.8 -0.1 -0.7 10.2 10.3 
max 3.2 1.7 2.3 0.0 0.0 5.1 4.5 TSC-4 
avg 1.6 0.4 1.0 -1.5 -2.0 1.6 1.1 
max 4.0 2.6 3.0 0.0 0.0 8.1 8.0 TSC-5  
avg 2.0 0.6 1.2 -1.4 -1.5 2.7 2.5 





avg 1.7 0.5 1.1 -1.5 -1.9 2.0 1.5 
max N/A N/A N/A N/A N/A N/A N/A TSC-7 
avg N/A N/A N/A N/A N/A N/A N/A 
max 19.7 34.4 9.6 0.2 0.1 46.7 47.0 TSC-8 
avg 6.3 13.6 5.1 -1.2 -0.8 25.9 26.3 
max 17.6 18.6 7.4 0.0 0.0 27.7 28.3 TSC-9 avg 5.0 6.9 3.9 -1.9 -1.5 15.1 15.5 






avg N/A N/A N/A N/A N/A N/A N/A 
max 3.8 2.4 2.8 1.1 1.2 10.2 10.3 TSC-11 
avg 1.9 0.6 1.1 0.4 0.4 4.3 4.2 
max 7.4 6.2 3.9 1.9 2.3 16.7 17.1 TSC-12 
avg 3.1 1.7 2.1 0.8 0.8 8.3 8.4 
max 6.5 4.7 3.5 1.7 1.9 14.0 14.2 TSC-13 
avg 2.7 1.3 1.8 0.7 0.7 7.1 7.1 
max 6.2 4.0 3.2 1.5 1.7 12.4 12.6 TSC-14 
avg 2.5 1.1 1.7 0.6 0.6 6.5 6.5 






avg 2.2 0.9 1.4 0.5 0.5 5.5 5.5 
max 9.8 10.9 4.9 0.0 0.0 19.2 19.3 TSC-16 avg 4.0 3.4 2.9 -1.1 -1.1 10.1 10.1 
max 7.0 7.7 4.4 0.1 0.0 16.9 17.0 TSC-17 
avg 3.4 2.1 2.3 -1.0 -1.0 7.5 7.4 
max 3.6 2.1 2.7 0.3 0.4 9.2 9.2 TSC-18 
avg 1.8 0.5 1.1 0.1 0.1 3.8 3.8 
max 3.4 1.7 2.3 0.7 1.0 8.3 8.5 TSC-19 
avg 1.6 0.4 1.0 0.3 0.4 3.5 3.7 






avg 1.3 0.3 0.8 0.3 0.4 2.9 3.0 
max 10.8 11.3 5.5 0.1 0.0 20.5 20.6 TSC-21 
avg 4.1 3.7 3.0 -0.9 -0.9 10.8 10.8 
max 8.00 9.1 4.6 0.1 0.0 19.2 19.3 TSC-22 
avg 3.7 2.6 2.6 -0.6 -0.6 9.1 9.1 
max 4.3 3.1 3.2 0.8 0.9 11.9 12.0 TSC-23 
avg 2.2 0.8 1.4 0.3 0.4 5.0 5.1 
max 4.2 2.6 2.8 1.6 2.1 11.0 11.3 TSC-24 
avg 2.0 0.7 1.2 0.5 0.7 4.8 5.0 





avg 1.6 0.5 1.0 0.5 0.6 3.9 4.1 
 D5 
 













































Rake 1 Temperature Corrections 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 






















































Uncorrected Corrected % Correction
 
























































































Rake 2 Temperature Corrections 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 
























































































Rake 3 Temperature Corrections 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  

























































































































































































































































































































































































































































































































































































































































































TSC-7 Ceiling (broken thermocouple) 































































































































































































































































































TSC-10 Ceiling (broken thermocouple) 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix E – Test 3 Compartment Fire Data 
 E2 
 
Test Number 3 
Date 14 April 1999 
Material Name Thick GRP 
Material Description Eight-layer 560808 glass vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 65 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 125 
tpeak [s] 647 
tend [s]* 647 
 Gross Net 
HRRpeak [kW] 556 491 
THR [MJ] 159 120 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -26 -48 -32 -33 -26 
max 21 73 2 3 1 
avg 4 26 -12 -8 -8 
Rake 1 
(vent) 
median 4 28 -10 -5 -7 
min -28 -30 -86 -93 -70 
max 41 62 4 4 1 
avg 7 15 -24 -18 -22 
Rake 2 
(corner) 
median 9 17 -19 -12 -17 
min -136 -75 -60 -120 -47 
max 91 23 43 4 4 
avg 8 -10 -3 -40 -15 
Rake 3 
(center) 
median 12 -3 1 -35 -13 
 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 293 min 300 min 293 min 300 min 293 min 300 
max 523 max 605 max 538 max 637 max 611 max 670 N% 
avg 434 avg 478 avg 465 avg 500 avg 491 avg 516 
min 293 min 300 min 293 min 300 min 293 min 300 





avg 434 avg 478 avg 465 avg 500 avg 491 avg 516 
min 290 min 293 min 290 min 293 min 290 min 293 
max 348 max 336 max 362 max 344 max 386 max 350 N% 
avg 315 avg 308 avg 322 avg 311 avg 327 avg 314 
min 296 min 300 min 296 min 300 min 296 min 300 





avg 318 avg 320 avg 331 avg 324 avg 339 avg 327 
min 0.05 min 0.95 min 0.25 min 1.15 min 0.35 min 1.25 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 0.99 avg 1.47 avg 1.33 avg 1.60 avg 1.56 avg 1.69 
min 0.19 min 1.01 min 0.38 min 1.19 min 0.48 min 1.29 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 
Mass 
Equivalency 
avg 1.17 avg 1.57 avg 1.48 avg 1.68 avg 1.67 avg 1.75 
min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.40 0.37 0.37 0.38 0.88 
max 2.05 1.10 1.22 1.16 1.13 
avg 1.62 0.76 0.78 0.77 0.98 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 1.6E-05 3.3E-04 0.08 0.00 0.06 -0.04 0.58 299 298 300 293 
max 8.0E-03 1.2E-02 184.85 0.14 0.21 0.16 32.13 546 448 679 359 
avg 5.3E-03 4.9E-03 1.39 0.10 0.15 0.04 1.52 375 339 522 316 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.22 0.02 0.01 0.02 0.01 
max 0.96 0.06 0.07 0.06 0.07 
avg 0.51 0.03 0.03 0.03 0.03 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.38 0.01 0.06 0.28 0.000 0.004 0.04 
max 1.17 0.07 0.21 1.04 0.021 0.024 0.24 





Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 7.0 8.6 5.3 0.4 0.3 21.8 21.7 TSC-1 
avg 3.1 1.7 2.0 -0.1 -0.1 7.3 7.3 
max 4.8 3.1 3.4 0.0 0.0 10.9 11.0 TSC-2 
avg 1.9 0.6 1.1 -0.5 -0.4 3.4 3.5 
max 6.2 5.5 4.4 0.1 0.0 16.0 16.1 TSC-3 
avg 2.5 1.1 1.6 -0.3 -0.2 5.3 5.4 
max 3.0 1.1 2.0 0.0 0.0 5.3 5.1 TSC-4 
avg 1.0 0.2 0.6 -0.7 -0.7 1.3 1.2 
max 2.9 1.1 1.9 0.0 0.0 5.1 5.1 TSC-5  
avg 1.0 0.2 0.6 -0.7 -0.6 1.3 1.3 




TSC-6 avg 1.1 0.3 0.7 -0.7 -0.7 1.5 1.5 
max N/A N/A N/A N/A N/A N/A N/A TSC-7 
avg N/A N/A N/A N/A N/A N/A N/A 
max 8.5 27.5 7.3 0.0 0.0 40.2 40.8 TSC-8 
avg 5.0 6.3 3.6 -1.3 -1.0 14.7 15.1 
max 8.0 13.8 5.6 0.0 0.0 22.6 23.4 TSC-9 
avg 3.8 3.1 2.7 -1.7 -1.5 8.5 8.8 






avg N/A N/A N/A N/A N/A N/A N/A 
max 3.1 1.1 2.0 0.6 0.5 7.4 7.3 TSC-11 
avg 1.0 0.2 0.5 0.2 0.1 2.1 2.0 
max 5.7 4.3 4.0 1.5 1.6 15.6 15.8 TSC-12 
avg 2.2 0.8 1.3 0.5 0.5 5.2 5.2 
max 5.3 2.9 3.3 1.2 1.3 12.7 12.7 TSC-13 avg 1.8 0.6 1.1 0.4 0.4 4.2 4.2 
max 4.5 2.6 3.2 1.1 1.2 11.9 12.0 TSC-14 
avg 1.7 0.5 1.0 0.4 0.3 3.9 3.9 






avg 1.6 0.4 0.9 0.3 0.3 3.5 3.4 
max 5.4 7.7 4.6 0.0 0.0 17.7 17.8 TSC-16 
avg 3.0 1.8 2.1 -1.0 -1.0 6.3 6.3 
max 5.1 3.5 3.6 0.1 0.1 11.9 11.8 TSC-17 
avg 2.0 0.7 1.3 -0.5 -0.5 3.8 3.8 
max 3.2 1.3 2.2 0.3 0.4 7.7 7.7 TSC-18 
avg 1.2 0.3 0.7 0.1 0.1 2.3 2.4 
max 3.0 1.1 2.0 0.6 0.9 7.0 7.3 TSC-19 
avg 1.0 0.2 0.6 0.2 0.2 2.2 2.2 






avg 0.8 0.2 0.5 0.2 0.3 1.8 1.9 
max 5.8 8.0 4.5 0.0 0.0 17.4 17.5 TSC-21 
avg 3.0 1.9 2.1 -0.9 -0.9 6.6 6.6 
max 6.0 3.6 3.8 0.1 0.0 12.8 12.8 TSC-22 
avg 2.0 0.7 1.2 -0.5 -0.6 3.8 3.7 
max 4.0 2.0 2.8 0.7 0.8 10.1 10.2 TSC-23 
avg 1.5 0.4 0.9 0.2 0.3 3.2 3.3 
max 3.7 1.7 2.6 1.1 1.5 9.6 10.0 TSC-24 
avg 1.4 0.3 0.8 0.3 0.5 3.1 3.2 





avg 1.1 0.3 0.7 0.3 0.4 2.6 2.7 
 E5 
 













































Rake 1 Temperature Corrections 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 


























































































Rake 2 Temperature Corrections 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 


























































































Rake 3 Temperature Corrections 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
 





























































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  

















































































































































































































































































































































































































































































































































































































































































































TSC-7 Ceiling (broken thermocouple) 































































































































































































































































































TSC-10 Ceiling (broken thermocouple) 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix F – Test 4 Compartment Fire Data 
 F2 
 
Test Number 4 
Date 16 April 1999 
Material Name Thick GRP 
Material Description Eight-layer 560808 glass vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 50 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 165 
tpeak [s] 869 
tend [s]* 869 
 Gross Net 
HRRpeak [kW] 560 510 
THR [MJ] 155 114 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -25 -41 -41 -37 -32 
max 19 78 2 2 2 
avg 6 20 -11 -6 -6 
Rake 1 
(vent) 
median 8 21 -10 -4 -5 
min -31 -52 -81 -74 -87 
max 27 70 3 4 2 
avg 5 17 -16 -15 -18 
Rake 2 
(corner) 
median 7 18 -13 -10 -13 
min -156 -57 -56 -154 -54 
max 38 18 51 4 3 
avg 13 -2 0 -31 -12 
Rake 3 
(center) 
median 20 0 3 -22 -9 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 291 min 298 min 291 min 298 min 291 min 298 
max 545 max 592 max 557 max 630 max 586 max 649 N% 
avg 411 avg 448 avg 438 avg 472 avg 464 avg 489 
min 291 min 298 min 291 min 298 min 291 min 298 





avg 411 avg 448 avg 438 avg 472 avg 464 avg 489 
min 288 min 292 min 288 min 292 min 288 min 292 
max 345 max 338 max 368 max 352 max 382 max 359 N% 
avg 311 avg 306 avg 318 avg 310 avg 322 avg 312 
min 285 min 296 min 295 min 299 min 295 min 299 





avg 317 avg 317 avg 328 avg 322 avg 334 avg 326 
min 0.05 min 0.42 min 0.18 min 1.00 min 0.35 min 1.15 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 0.96 avg 1.40 avg 1.31 avg 1.57 avg 1.56 avg 1.68 
min 0.17 min 0.45 min 0.27 min 1.01 min 0.47 min 1.19 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 1.14 avg 1.51 avg 1.47 avg 1.66 avg 1.68 avg 1.75 
min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.40 0.35 0.35 0.35 0.86 
max 2.05 1.14 1.31 1.23 1.12 
avg 1.59 0.72 0.73 0.72 0.99 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 4.0E-05 2.3E-05 0.00 0.00 0.02 -0.08 0.19 290 291 298 292 
max 8.4E-03 1.0E-02 42.40 0.15 0.21 0.12 17.51 523 432 649 359 
avg 5.1E-03 4.0E-03 0.88 0.10 0.13 0.03 1.36 357 328 489 312 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.21 0.03 0.01 0.03 0.01 
max 1.01 0.07 0.08 0.07 0.08 
avg 0.46 0.04 0.03 0.04 0.03 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.35 0.01 0.02 0.23 0.000 0.002 0.02 
max 1.27 0.09 0.21 1.21 0.022 0.021 0.21 




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 9.9 8.6 6.0 0.3 0.2 25.9 26.0 TSC-1 
avg 2.3 1.3 1.6 -0.1 -0.1 5.5 5.5 
max 5.8 3.0 3.6 0.0 0.0 11.7 11.7 TSC-2 
avg 1.4 0.5 0.9 -0.4 -0.4 2.7 2.7 
max 7.3 5.5 4.6 0.0 0.0 17.2 17.3 TSC-3 
avg 1.9 0.9 1.3 -0.3 -0.2 4.1 4.2 
max 3.6 1.1 2.1 0.0 0.0 5.4 4.9 TSC-4 
avg 0.8 0.2 0.5 -0.6 -0.6 1.0 0.9 
max 3.5 1.1 2.0 0.0 0.0 5.2 5.0 TSC-5  
avg 0.8 0.2 0.5 -0.6 -0.6 1.0 1.0 




TSC-6 avg 0.9 0.2 0.5 -0.6 -0.6 1.1 1.1 
max N/A N/A N/A N/A N/A N/A N/A TSC-7 
avg N/A N/A N/A N/A N/A N/A N/A 
max 11.3 28.5 7.8 0.0 0.0 44.5 45.1 TSC-8 
avg 3.8 4.5 2.8 -1.1 -0.9 10.9 11.1 
max 8.4 12.8 6.0 0.0 0.0 25.6 26.3 TSC-9 
avg 2.8 2.1 2.0 -1.5 -1.4 5.8 5.9 






avg N/A N/A N/A N/A N/A N/A N/A 
max 7.4 5.6 4.7 1.7 1.9 19.9 20.1 TSC-11 
avg 1.9 0.9 1.3 0.5 0.5 5.0 5.0 
max 6.9 4.1 4.3 1.4 1.5 17.2 17.3 TSC-12 
avg 1.7 0.6 1.1 0.4 0.4 4.0 4.0 
max 6.2 2.9 3.7 1.1 1.2 14.6 14.6 TSC-13 avg 1.4 0.5 0.9 0.3 0.3 3.3 3.3 
max 5.9 2.5 3.4 1.0 1.0 13.6 13.6 TSC-14 
avg 1.3 0.4 0.8 0.3 0.2 3.0 2.9 






avg 1.1 0.3 0.7 0.2 0.2 2.5 2.5 
max 6.3 7.2 4.6 0.0 0.0 17.9 18.0 TSC-16 
avg 2.2 1.4 1.6 -0.9 -0.8 4.6 4.7 
max 6.7 3.5 4.0 0.0 0.0 13.7 13.6 TSC-17 
avg 1.5 0.6 1.0 -0.4 -0.5 2.9 2.8 
max 4.2 1.3 2.4 0.2 0.3 8.8 8.9 TSC-18 
avg 0.9 0.2 0.6 0.0 0.0 1.8 1.8 
max 3.9 1.1 2.2 0.4 0.5 8.3 8.5 TSC-19 
avg 0.8 0.2 0.5 0.1 0.1 1.7 1.8 






avg 0.6 0.1 0.4 0.1 0.2 1.4 1.5 
max 6.0 8.1 4.7 0.0 0.0 18.6 18.7 TSC-21 
avg 2.3 1.6 1.7 -0.8 -0.8 5.2 5.2 
max 7.6 4.2 4.5 0.0 0.0 16.4 16.4 TSC-22 
avg 1.7 0.6 1.1 -0.4 -0.4 3.2 3.2 
max 5.0 2.0 3.0 0.6 0.7 11.3 11.4 TSC-23 
avg 1.1 0.3 0.7 0.2 0.2 2.6 2.6 
max 4.8 1.7 2.8 1.1 1.5 11.1 11.5 TSC-24 
avg 1.0 0.3 0.6 0.3 0.4 2.4 2.6 





avg 0.8 0.2 0.6 0.2 0.3 2.1 2.2 
 F5 
 













































Rake 1 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 


































































































Rake 2 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 



































































































Rake 3 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  
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TSC-1 Wall 



























































































































































































































































































          
F21
TSC-4 Wall 


























































































































































































































































































          
F24
 
TSC-7 Ceiling (broken thermocouple) 

























































































































































































































































































          
F27
 
TSC-10 Ceiling (broken thermocouple) 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































          
F40
TSC-23 Vent 
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TSC-24 Vent 




























































































          
F42
TSC-25 Vent 
































































































Appendix F – Test 4 Compartment Fire Data 
 F2 
 
Test Number 4 
Date 16 April 1999 
Material Name Thick GRP 
Material Description Eight-layer 560808 glass vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 50 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 165 
tpeak [s] 869 
tend [s]* 869 
 Gross Net 
HRRpeak [kW] 560 510 
THR [MJ] 155 114 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -25 -41 -41 -37 -32 
max 19 78 2 2 2 
avg 6 20 -11 -6 -6 
Rake 1 
(vent) 
median 8 21 -10 -4 -5 
min -31 -52 -81 -74 -87 
max 27 70 3 4 2 
avg 5 17 -16 -15 -18 
Rake 2 
(corner) 
median 7 18 -13 -10 -13 
min -156 -57 -56 -154 -54 
max 38 18 51 4 3 
avg 13 -2 0 -31 -12 
Rake 3 
(center) 
median 20 0 3 -22 -9 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 291 min 298 min 291 min 298 min 291 min 298 
max 545 max 592 max 557 max 630 max 586 max 649 N% 
avg 411 avg 448 avg 438 avg 472 avg 464 avg 489 
min 291 min 298 min 291 min 298 min 291 min 298 





avg 411 avg 448 avg 438 avg 472 avg 464 avg 489 
min 288 min 292 min 288 min 292 min 288 min 292 
max 345 max 338 max 368 max 352 max 382 max 359 N% 
avg 311 avg 306 avg 318 avg 310 avg 322 avg 312 
min 285 min 296 min 295 min 299 min 295 min 299 





avg 317 avg 317 avg 328 avg 322 avg 334 avg 326 
min 0.05 min 0.42 min 0.18 min 1.00 min 0.35 min 1.15 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 0.96 avg 1.40 avg 1.31 avg 1.57 avg 1.56 avg 1.68 
min 0.17 min 0.45 min 0.27 min 1.01 min 0.47 min 1.19 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 1.14 avg 1.51 avg 1.47 avg 1.66 avg 1.68 avg 1.75 
min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.40 0.35 0.35 0.35 0.86 
max 2.05 1.14 1.31 1.23 1.12 
avg 1.59 0.72 0.73 0.72 0.99 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 4.0E-05 2.3E-05 0.00 0.00 0.02 -0.08 0.19 290 291 298 292 
max 8.4E-03 1.0E-02 42.40 0.15 0.21 0.12 17.51 523 432 649 359 
avg 5.1E-03 4.0E-03 0.88 0.10 0.13 0.03 1.36 357 328 489 312 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.21 0.03 0.01 0.03 0.01 
max 1.01 0.07 0.08 0.07 0.08 
avg 0.46 0.04 0.03 0.04 0.03 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.35 0.01 0.02 0.23 0.000 0.002 0.02 
max 1.27 0.09 0.21 1.21 0.022 0.021 0.21 




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 9.9 8.6 6.0 0.3 0.2 25.9 26.0 TSC-1 
avg 2.3 1.3 1.6 -0.1 -0.1 5.5 5.5 
max 5.8 3.0 3.6 0.0 0.0 11.7 11.7 TSC-2 
avg 1.4 0.5 0.9 -0.4 -0.4 2.7 2.7 
max 7.3 5.5 4.6 0.0 0.0 17.2 17.3 TSC-3 
avg 1.9 0.9 1.3 -0.3 -0.2 4.1 4.2 
max 3.6 1.1 2.1 0.0 0.0 5.4 4.9 TSC-4 
avg 0.8 0.2 0.5 -0.6 -0.6 1.0 0.9 
max 3.5 1.1 2.0 0.0 0.0 5.2 5.0 TSC-5  
avg 0.8 0.2 0.5 -0.6 -0.6 1.0 1.0 




TSC-6 avg 0.9 0.2 0.5 -0.6 -0.6 1.1 1.1 
max N/A N/A N/A N/A N/A N/A N/A TSC-7 
avg N/A N/A N/A N/A N/A N/A N/A 
max 11.3 28.5 7.8 0.0 0.0 44.5 45.1 TSC-8 
avg 3.8 4.5 2.8 -1.1 -0.9 10.9 11.1 
max 8.4 12.8 6.0 0.0 0.0 25.6 26.3 TSC-9 
avg 2.8 2.1 2.0 -1.5 -1.4 5.8 5.9 






avg N/A N/A N/A N/A N/A N/A N/A 
max 7.4 5.6 4.7 1.7 1.9 19.9 20.1 TSC-11 
avg 1.9 0.9 1.3 0.5 0.5 5.0 5.0 
max 6.9 4.1 4.3 1.4 1.5 17.2 17.3 TSC-12 
avg 1.7 0.6 1.1 0.4 0.4 4.0 4.0 
max 6.2 2.9 3.7 1.1 1.2 14.6 14.6 TSC-13 avg 1.4 0.5 0.9 0.3 0.3 3.3 3.3 
max 5.9 2.5 3.4 1.0 1.0 13.6 13.6 TSC-14 
avg 1.3 0.4 0.8 0.3 0.2 3.0 2.9 






avg 1.1 0.3 0.7 0.2 0.2 2.5 2.5 
max 6.3 7.2 4.6 0.0 0.0 17.9 18.0 TSC-16 
avg 2.2 1.4 1.6 -0.9 -0.8 4.6 4.7 
max 6.7 3.5 4.0 0.0 0.0 13.7 13.6 TSC-17 
avg 1.5 0.6 1.0 -0.4 -0.5 2.9 2.8 
max 4.2 1.3 2.4 0.2 0.3 8.8 8.9 TSC-18 
avg 0.9 0.2 0.6 0.0 0.0 1.8 1.8 
max 3.9 1.1 2.2 0.4 0.5 8.3 8.5 TSC-19 
avg 0.8 0.2 0.5 0.1 0.1 1.7 1.8 






avg 0.6 0.1 0.4 0.1 0.2 1.4 1.5 
max 6.0 8.1 4.7 0.0 0.0 18.6 18.7 TSC-21 
avg 2.3 1.6 1.7 -0.8 -0.8 5.2 5.2 
max 7.6 4.2 4.5 0.0 0.0 16.4 16.4 TSC-22 
avg 1.7 0.6 1.1 -0.4 -0.4 3.2 3.2 
max 5.0 2.0 3.0 0.6 0.7 11.3 11.4 TSC-23 
avg 1.1 0.3 0.7 0.2 0.2 2.6 2.6 
max 4.8 1.7 2.8 1.1 1.5 11.1 11.5 TSC-24 
avg 1.0 0.3 0.6 0.3 0.4 2.4 2.6 





avg 0.8 0.2 0.6 0.2 0.3 2.1 2.2 
 F5 
 













































Rake 1 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 


































































































Rake 2 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 



































































































Rake 3 Temperature Corrections 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
 





































































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  












































































































          
F18
TSC-1 Wall 
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TSC-4 Wall 


























































































































































































































































































          
F24
 
TSC-7 Ceiling (broken thermocouple) 

























































































































































































































































































          
F27
 
TSC-10 Ceiling (broken thermocouple) 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































          
F40
TSC-23 Vent 




























































































          
F41
TSC-24 Vent 




























































































          
F42
TSC-25 Vent 




























































































          
F43
 
     
G1 
Appendix G – Test 5 Compartment Fire Data 
     
G2 
 
Test Number 5 
Date 20 October 1999 
Material Name Thin GRP 
Material Description One-layer 560808 glass over 1” balsa core vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 100 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 73 
tpeak [s] 190 
tend [s]* 190 
 Gross Net 
HRRpeak [kW] 1215 1115 
THR [MJ] 83 67 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
min -244 -170 -44 -18 -41 
max 28 47 31 53 2 
avg -26 -26 -10 2 -11 
Rake 1 
(vent) 
median -11 1 -3 1 -4 
min -151 -103 -62 -66 -7 
max 89 68 19 5 15 
avg -14 -6 -12 -11 1 
Rake 2 
(corner) 
median 1 13 -2 -5 -1 
min -471 -375 -66 -35 -39 
max 46 50 37 65 4 
avg -49 -33 -4 2 -11 
Rake 3 
(center) 
median -15 10 1 -3 -5 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 293 min 299 min 293 min 299 min 293 min 299 
max 608 max 584 max 685 max 640 max 734 max 747 N% 
avg 473 avg 459 avg 496 avg 483 avg 512 avg 507 
min 293 min 299 min 293 min 299 min 293 min 299 





avg 473 avg 459 avg 496 avg 483 avg 512 avg 507 
min 290 min 292 min 290 min 292 min 290 min 292 
max 354 max 353 max 373 max 369 max 389 max 384 N% 
avg 315 avg 312 avg 319 avg 318 avg 324 avg 322 
min 223 min 251 min 296 min 299 min 296 min 299 





avg 301 avg 310 avg 320 avg 325 avg 332 avg 334 
min 0.05 min 0.15 min 0.25 min 0.30 min 0.40 min 0.43 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 1.24 avg 1.16 avg 1.39 avg 1.35 avg 1.49 avg 1.51 
min 0.13 min 0.22 min 0.33 min 0.33 min 0.43 min 0.42 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 1.34 avg 1.28 avg 1.48 avg 1.46 avg 1.58 avg 1.60 
min 1.60 min 1.56 min 1.60 min 1.56 min 1.60 min 1.56 











     
G3 
 
Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.30 0.51 0.53 0.52 0.89 
max 2.05 1.33 1.43 1.38 1.08 
avg 1.66 0.94 0.96 0.95 0.99 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 1.3E-05 1.3E-04 0.01 0.00 0.02 -0.17 0.11 291 291 299 292 
max 1.4E-02 7.0E-03 102.49 0.19 0.17 0.12 31.20 554 387 747 384 
avg 7.6E-03 3.0E-03 1.09 0.13 0.12 -0.01 1.22 356 311 507 322 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.33 0.03 0.02 0.03 0.02 
max 3.29 0.49 0.67 0.43 0.59 
avg 0.89 0.16 0.21 0.15 0.19 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.52 0.02 0.02 0.41 0.000 0.005 0.05 
max 1.37 0.59 0.17 1.93 0.052 0.045 0.45 
avg 0.95 0.19 0.12 0.87 0.018 0.028 0.28 
 
     
G4 
 
Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 23.6 5.6 9.0 0.0 0.0 40.2 40.2 TSC-1 
avg 9.2 0.9 2.8 -0.9 -0.9 13.1 13.1 
max 12.7 1.1 4.0 0.0 0.0 15.5 15.1 TSC-2 
avg 3.8 0.2 1.1 -1.2 -1.5 4.2 3.8 
max 24.7 4.8 8.7 0.0 0.0 39.9 39.9 TSC-3 
avg 8.6 0.8 2.5 -0.9 -1.0 11.8 11.8 
max 10.2 0.9 3.7 0.0 0.0 12.9 11.9 TSC-4 
avg 3.4 0.2 1.0 -1.2 -1.6 3.6 3.2 
max 21.3 3.4 7.4 0.0 0.0 32.9 32.8 TSC-5  
avg 7.2 0.6 2.1 -1.0 -1.0 9.7 9.7 




TSC-6 avg 1.9 0.1 0.5 -1.3 -1.8 1.1 0.7 
max 33.6 15.1 13.3 0.2 0.1 59.7 61.0 TSC-7 
avg 14.0 2.4 4.4 -2.1 -1.6 20.3 20.9 
max 39.6 18.8 13.7 0.3 0.1 62.3 63.4 TSC-8 
avg 15.3 3.0 4.8 -1.9 -1.5 23.1 23.6 
max 30.8 10.2 11.4 0.0 0.0 48.6 49.7 TSC-9 
avg 11.9 1.6 3.6 -2.1 -1.8 16.3 16.7 






avg 10.7 1.3 3.3 -2.5 -1.9 13.9 14.5 
max 15.3 2.3 5.9 1.1 1.1 25.8 25.8 TSC-11 
avg 5.8 0.4 1.6 0.2 0.2 8.7 8.7 
max 14.0 1.8 5.3 0.9 0.9 23.9 24.0 TSC-12 
avg 5.1 0.3 1.5 0.2 0.2 7.7 7.7 
max 13.0 1.5 4.8 0.8 0.8 21.2 21.2 TSC-13 avg 4.5 0.2 1.2 0.1 0.1 6.6 6.5 
max 12.4 1.2 4.4 0.7 0.7 19.6 19.5 TSC-14 
avg 4.0 0.2 1.1 0.1 0.1 5.9 5.9 






avg 3.0 0.1 0.8 0.1 0.1 4.3 4.3 
max 15.3 2.7 6.0 0.0 0.0 24.1 24.0 TSC-16 
avg 6.3 0.5 2.0 -1.3 -1.5 8.1 8.0 
max 14.7 2.0 5.3 0.0 0.0 21.9 21.7 TSC-17 
avg 5.3 0.4 1.6 -1.1 -1.2 6.8 6.6 
max 6.3 0.4 2.0 0.0 0.0 9.1 8.9 TSC-18 
avg 1.8 0.1 0.5 -0.1 -0.2 2.4 2.4 
max 6.7 0.4 2.2 0.0 0.0 9.8 9.6 TSC-19 
avg 1.9 0.1 0.5 -0.1 -0.1 2.6 2.6 






avg 1.1 0.0 0.3 -0.1 -0.2 1.4 1.4 
max 18.0 3.2 6.8 0.0 0.0 26.4 26.3 TSC-21 
avg 7.0 0.6 2.1 -1.2 -1.3 9.2 9.1 
max 15.8 2.6 6.1 0.0 0.0 25.1 25.0 TSC-22 
avg 6.2 0.5 1.9 -0.8 -0.9 8.4 8.3 
max 8.5 0.7 3.0 0.1 0.1 13.2 13.2 TSC-23 
avg 2.8 0.1 0.8 0.0 0.0 4.0 4.0 
max 8.9 0.7 3.1 0.4 0.7 14.0 14.1 TSC-24 
avg 2.8 0.1 0.8 0.1 0.1 4.1 4.1 





avg 2.2 0.1 0.6 0.1 0.2 3.3 3.3 
     
G5 
 
















































     
G6 
 
Rake 1 Temperature Corrections 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 






































































Min. correction Max. correction Avg. correction
 
 
     
G7 
 
Rake 2 Temperature Corrections 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 











































































Min. correction Max. correction Avg. correction
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Rake 3 Temperature Corrections 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 



















































Uncorrected Corrected % Correction
 











































































Min. correction Max. correction Avg. correction
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G15 
Vent Mixing 
Vent mixing based at interface height 



































Vent mixing at neutral plane height  



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TSC-15 Floor (broken thermocouple at ~150s) 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix H – Test 6 Compartment Fire Data 
 H2 
 
Test Number 6 
Date 29 October 1999 
Material Name Thin GRP 
Material Description One-layer 560808 glass over 1” balsa core vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 40 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 110 
tpeak [s] 285 
tend [s]* 285 
 Gross Net 
HRRpeak [kW] 3272 3232 
THR [MJ] 113 103 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
Min -140 -532 -459 -28 -56 
Max 25 36 22 223 2 
Avg -18 -24 -12 6 -9 
Rake 1 
(vent) 
Median 10 11 0 1 -1 
Min -268 -435 -379 -59 -15 
Max 41 51 11 137 32 
Avg -19 -21 -17 -6 1 
Rake 2 
(corner) 
Median 15 11 -5 1 -2 
Min -434 -543 -244 -87 -54 
Max 33 41 27 44 40 
Avg -39 -37 -6 -9 -8 
Rake 3 
(center) 
Median 11 13 3 0 -1 
 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 292 min 297 min 292 min 297 min 292 min 297 
max 626 max 557 max 637 max 627 max 677 max 709 N% 
avg 413 avg 404 avg 431 avg 420 avg 444 avg 443 
min 292 min 297 min 292 min 297 min 292 min 297 





avg 413 avg 404 avg 431 avg 420 avg 444 avg 443 
min 289 min 291 min 289 min 291 min 289 min 291 
max 348 max 352 max 375 max 377 max 394 max 392 N% 
avg 308 avg 307 avg 312 avg 311 avg 316 avg 315 
min 233 min 225 min 295 min 298 min 295 min 298 





avg 299 avg 307 avg 316 avg 320 avg 324 avg 328 
min 0.05 min 0.05 min 0.15 min 0.20 min 0.35 min 0.58 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 1.34 avg 1.30 avg 1.50 avg 1.46 avg 1.59 avg 1.65 
min 0.12 min 0.15 min 0.23 min 0.27 min 0.42 min 0.55 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 1.53 avg 1.47 avg 1.66 avg 1.63 avg 1.74 avg 1.78 
min 1.62 min 1.61 min 1.62 min 1.61 min 1.62 min 1.61 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.30 0.33 0.35 0.34 0.90 
max 2.05 1.41 1.45 1.42 1.07 
avg 1.68 0.98 1.00 0.99 0.98 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 2.0E-06 2.8E-04 0.03 0.00 0.04 -0.14 0.20 290 290 297 291 
max 1.1E-02 6.7E-03 493.42 0.19 0.17 0.11 86.21 546 401 709 392 
avg 5.6E-03 2.2E-03 3.68 0.11 0.11 0.01 1.84 332 308 443 315 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.20 0.04 0.03 0.04 0.03 
max 2.58 0.36 0.52 0.41 0.58 
avg 0.78 0.08 0.09 0.08 0.09 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.34 0.03 0.04 0.23 0.000 0.005 0.05 
max 1.44 0.58 0.17 1.97 0.067 0.048 0.48 




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 35.5 5.0 9.2 0.0 0.0 53.3 53.4 TSC-1 
avg 5.9 0.5 1.7 -0.5 -0.5 8.3 8.3 
max 11.9 1.4 4.5 0.0 0.0 17.6 17.3 TSC-2 
avg 2.9 0.2 0.9 -0.7 -0.8 3.5 3.4 
max 32.0 4.6 9.1 0.0 0.0 48.9 49.1 TSC-3 
avg 5.7 0.5 1.6 -0.6 -0.6 7.8 7.8 
max 11.5 1.2 4.1 0.0 0.0 16.3 15.9 TSC-4 
avg 2.6 0.1 0.7 -0.7 -0.9 3.0 2.8 
max 25.3 3.3 7.6 0.0 0.0 38.1 38.2 TSC-5  
(from 300s) avg 4.8 0.4 1.4 -0.6 -0.6 6.4 6.4 




TSC-6 avg 1.5 0.1 0.4 -0.8 -1.0 1.2 1.0 
max 55.4 24.2 15.8 0.4 0.2 82.1 83.0 TSC-7 
avg 11.3 2.6 3.6 -1.3 -0.9 17.6 18.0 
max 33.7 22.3 14.1 0.6 0.3 74.9 75.6 TSC-8 
avg 11.0 2.6 3.6 -1.2 -0.9 17.4 17.7 
max 34.0 11.5 11.4 0.1 0.1 51.0 52.0 TSC-9 
avg 8.4 1.3 2.7 -1.4 -1.2 12.0 12.3 






avg 8.7 1.3 2.7 -1.6 -1.2 12.1 12.6 
max 15.6 2.8 6.2 1.0 1.1 26.8 26.7 TSC-11 
avg 4.3 0.3 1.3 0.2 0.2 6.6 6.6 
max 16.3 2.5 6.2 0.9 0.9 28.1 28.1 TSC-12 
avg 4.0 0.3 1.2 0.2 0.1 6.1 6.1 
max 13.4 1.8 5.3 0.8 0.7 22.8 22.8 TSC-13 avg 3.4 0.2 1.0 0.1 0.1 5.1 5.1 
max 12.9 1.6 4.8 0.7 0.6 20.8 20.8 TSC-14 
avg 3.1 0.2 0.9 0.1 0.1 4.6 4.6 






avg 2.8 0.2 0.8 0.1 0.1 4.2 4.2 
max 17.0 3.1 6.2 0.0 0.0 27.1 27.1 TSC-16 
avg 4.5 0.4 1.5 -0.9 -0.9 6.1 6.0 
max 18.3 2.0 5.5 0.0 0.0 26.8 26.7 TSC-17 
avg 3.6 0.3 1.1 -0.6 -0.7 4.7 4.6 
max 8.9 0.5 2.5 0.0 0.0 12.2 12.0 TSC-18 
avg 1.5 0.1 0.4 -0.1 -0.1 2.1 2.0 
max 7.6 0.5 2.5 0.0 0.0 11.0 10.9 TSC-19 
avg 1.5 0.1 0.4 -0.1 -0.1 2.0 2.0 






avg 0.9 0.0 0.2 -0.1 -0.2 1.2 1.1 
max 18.7 3.7 7.0 0.0 0.0 30.3 30.3 TSC-21 
avg 5.0 0.5 1.6 -0.8 -0.9 6.8 6.8 
max 19.6 2.5 6.1 0.0 0.0 30.0 29.9 TSC-22 
avg 4.1 0.3 1.2 -0.5 -0.6 5.6 5.5 
max 10.9 0.9 3.4 0.1 0.1 16.1 16.0 TSC-23 
avg 2.2 0.1 0.6 0.0 0.0 3.1 3.1 
max 10.1 0.9 3.5 0.5 0.7 15.8 15.8 TSC-24 
avg 2.1 0.1 0.6 0.1 0.1 3.2 3.2 





avg 1.7 0.1 0.5 0.1 0.1 2.6 2.6 
 H5 
 













































Rake 1 Temperature Corrections 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 















































































Rake 2 Temperature Corrections 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 




















































































Rake 3 Temperature Corrections 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
 























































Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix I – Test 7 Compartment Fire Data 
 I2 
 
Test Number 7 
Date 02 November 1999 
Material Name Thin GRP 
Material Description One-layer 560808 glass over 1” balsa core vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 9 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 278 
tpeak [s] 522 
tend [s]* 522 
 Gross Net 
HRRpeak [kW] 837 828 
THR [MJ] 53 49 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
Min -108 -77 -63 -35 -18 
Max 143 403 47 23 31 
Avg 4 20 0 0 0 
Rake 1 
(vent) 
Median 7 8 1 1 1 
Min -110 -108 -49 -43 -10 
Max 27 61 48 4 11 
Avg 3 4 0 -1 -2 
Rake 2 
(corner) 
Median 10 6 2 3 -2 
Min -430 -205 -49 -27 -28 
Max 33 60 198 54 28 
Avg -7 2 9 0 0 
Rake 3 
(center) 
Median 8 6 2 1 2 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 295 min 305 min 295 min 305 min 295 min 305 
max 638 max 578 max 664 max 610 max 681 max 619 N% 
avg 350 avg 355 avg 356 avg 359 avg 359 avg 361 
min 295 min 305 min 295 min 305 min 295 min 305 





avg 350 avg 355 avg 356 avg 359 avg 359 avg 361 
min 290 min 293 min 290 min 293 min 290 min 293 
max 331 max 333 max 335 max 336 max 340 max 342 N% 
avg 296 avg 297 avg 297 avg 298 avg 297 avg 298 
min 296 min 300 min 296 min 300 min 296 min 300 





avg 307 avg 309 avg 308 avg 310 avg 309 avg 310 
min 1.05 min 0.85 min 1.32 min 0.95 min 1.36 min 1.12 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 1.74 avg 1.78 avg 1.80 avg 1.81 avg 1.82 avg 1.85 
min 1.19 min 0.94 min 1.28 min 1.03 min 1.37 min 1.12 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 2.11 avg 2.08 avg 2.15 avg 2.10 avg 2.16 avg 2.12 
min 1.50 min 1.70 min 1.50 min 1.70 min 1.50 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.32 0.33 0.35 0.35 0.91 
max 2.05 1.07 1.09 1.08 1.17 
avg 1.79 0.71 0.72 0.71 0.98 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 4.0E-06 1.7E-05 0.00 0.00 0.02 -0.14 0.14 290 290 305 293 
max 1.6E-02 5.6E-03 580.45 0.21 0.17 0.15 96.22 406 330 619 342 
avg 2.8E-03 1.7E-03 4.44 0.07 0.11 0.04 2.74 301 295 361 298 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.20 0.03 0.01 0.03 0.01 
max 0.96 0.09 0.08 0.10 0.09 
avg 0.50 0.05 0.04 0.05 0.04 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.35 0.01 0.02 0.24 0.000 0.009 0.09 
max 1.13 0.09 0.17 1.17 0.039 0.042 0.42 




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 20.0 1.4 5.5 0.0 0.0 28.0 28.1 TSC-1 
avg 1.6 0.1 0.4 -0.2 -0.2 2.0 2.1 
max 4.7 0.4 1.7 0.0 0.0 5.8 5.5 TSC-2 
avg 0.6 0.0 0.2 -0.3 -0.2 0.6 0.6 
max 18.4 1.0 4.8 0.0 0.0 24.9 24.9 TSC-3 
avg 1.3 0.1 0.3 -0.2 -0.2 1.6 1.6 
max 4.3 0.3 1.4 0.0 0.0 4.9 4.6 TSC-4 
avg 0.5 0.0 0.2 -0.3 -0.3 0.4 0.4 
max 13.4 0.8 3.7 0.0 0.0 17.9 17.8 TSC-5 
avg 1.1 0.1 0.3 -0.2 -0.2 1.3 1.3 




TSC-6 avg 0.3 0.0 0.1 -0.3 -0.3 0.1 0.1 
max 33.0 5.2 10.3 0.6 0.3 46.4 47.9 TSC-7 
avg 3.1 0.3 1.0 -0.7 -0.5 4.1 4.2 
max 125.7 9.4 27.8 2.6 2.0 177.3 176.6 TSC-8 
avg 3.6 0.5 1.2 -0.6 -0.5 5.2 5.3 
max 22.1 3.1 7.4 0.3 0.2 31.2 32.2 TSC-9 
avg 2.4 0.2 0.7 -0.7 -0.6 2.9 3.0 






avg 2.4 0.2 0.7 -0.8 -0.6 2.7 2.8 
max 6.7 0.4 1.9 0.4 0.4 9.7 9.6 TSC-11 
avg 0.6 0.0 0.2 0.0 0.0 1.0 1.0 
max 5.9 0.4 1.6 0.4 0.4 8.5 8.5 TSC-12 
avg 0.6 0.0 0.2 0.0 0.0 0.9 0.9 
max 4.8 0.3 1.3 0.4 0.3 6.8 6.7 TSC-13 avg 0.5 0.0 0.2 0.0 0.0 0.7 0.7 
max 4.2 0.2 1.1 0.3 0.3 5.9 5.9 TSC-14 
avg 0.4 0.0 0.1 0.0 0.0 0.6 0.6 






avg 0.4 0.0 0.1 0.0 0.0 0.6 0.6 
max 12.7 1.3 4.3 -0.1 0.0 18.0 17.8 TSC-16 
avg 1.5 0.1 0.5 -0.4 -0.4 1.8 1.8 
max 10.2 0.6 3.1 0.0 0.0 13.5 13.2 TSC-17 
avg 0.9 0.1 0.3 -0.2 -0.3 1.1 1.1 
max 4.1 0.2 1.2 0.0 0.0 5.4 5.3 TSC-18 
avg 0.4 0.0 0.1 0.0 0.0 0.5 0.5 
max 2.7 0.1 0.8 0.1 0.1 4.0 4.0 TSC-19 
avg 0.3 0.0 0.1 0.0 0.0 0.4 0.4 






avg 0.2 0.0 0.0 0.0 0.0 0.2 0.2 
max 14.6 1.5 4.9 0.0 0.0 20.8 20.6 TSC-21 
avg 1.6 0.1 0.5 -0.4 -0.4 2.0 2.0 
max 12.2 1.0 3.9 0.0 0.0 17.0 16.9 TSC-22 
avg 1.2 0.1 0.3 -0.3 -0.3 1.5 1.5 
max 5.2 0.3 1.5 0.5 0.8 8.1 8.4 TSC-23 
avg 0.5 0.0 0.1 0.0 0.0 0.7 0.7 
max 3.4 0.2 1.2 0.4 0.6 5.4 5.6 TSC-24 
avg 0.4 0.0 0.1 0.0 0.0 0.6 0.6 





avg 0.3 0.0 0.1 0.0 0.0 0.5 0.5 
 I5 
 













































Rake 1 Temperature Corrections 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
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Rake 2 Temperature Corrections 
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Rake 3 Temperature Corrections 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 



























































Uncorrected Corrected % Correction
 
































































































































0-100 100-200 200-300 300-400 400-500











































0-100 100-200 200-300 300-400 400-500








































































































































































































































































































































































































































































Vent mixing based at interface height 



































Vent mixing at neutral plane height  
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Appendix J – Test 8 Compartment Fire Data 
 J2 
 
Test Number 8 
Date 04 November 1999 
Material Name Thin GRP 
Material Description One-layer 560808 glass over 1” balsa core vacuum infused (SCRIMP) with vinyl ester resin 
 
Test Heat Release Rate Data 
Ignition source 8 kW (propane-fueled sand ignition burner, 0.17m x 0.17m) 
tignition [s] 1397 
tpeak [s] 1612 
tend [s]* 1612 
 Gross Net 
HRRpeak [kW] 506 498 
THR [MJ] 28 18 
*End of test corresponds to the start of extinguishment activities. 
 
Test Temperature Correction Data 
z=2.35m z=1.75m z=1.25m z=0.65m z=0.15m 
DT DT DT DT DT 
 
 
 [K] [K] [K] [K] [K] 
Min -133 -88 -13 -12 -13 
Max 30 61 10 2 2 
Avg 6 7 1 1 1 
Rake 1 
(vent) 
Median 6 6 1 1 1 
Min -94 -52 -13 -18 -6 
Max 28 63 19 4 8 
Avg 8 5 2 2 -1 
Rake 2 
(corner) 
Median 7 4 2 3 -1 
Min -509 1 -51 -26 -20 
Max 32 82 5 5 3 
Avg 3 5 1 0 1 
Rake 3 
(center) 
Median 6 4 2 1 2 
 
Two-Layer Temperature Data 
N=0.10 N=0.15 N=0.20  
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 
min 292 min 296 min 292 min 296 min 292 min 296 
max 416 max 483 max 447 max 525 max 463 max 543 N% 
avg 375 avg 317 avg 396 avg 318 avg 406 avg 318 
min 292 min 296 min 292 min 296 min 292 min 296 





avg 375 avg 317 avg 396 avg 318 avg 406 avg 318 
min 289 min 290 min 289 min 290 min 289 min 290 
max 308 max 318 max 311 max 321 max 312 max 323 N% 
avg 302 avg 291 avg 304 avg 292 avg 305 avg 292 
min 295 min 297 min 295 min 297 min 295 min 297 





avg 317 avg 302 avg 319 avg 302 avg 319 avg 302 
min 0.65 min 1.13 min 1.65 min 1.40 min 1.75 min 1.50 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 N% 
avg 1.38 avg 1.82 avg 1.67 avg 1.86 avg 1.76 avg 1.87 
min 1.33 min 1.04 min 1.73 min 1.39 min 1.81 min 1.48 
max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 max 2.35 Mass Equivalency 
avg 1.62 avg 2.29 avg 1.82 avg 2.30 avg 1.88 avg 2.30 
min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 min 1.70 









Vent Flow Data 
 zn mo mi mavg mo/mi 
 [m] [kg/s] [kg/s] [kg/s] [] 
min 1.40 0.31 0.30 0.31 0.91 
max 2.05 0.99 0.98 0.98 1.07 
avg 1.73 0.53 0.54 0.53 0.98 
 
Wall Flow Data 
Mwu Mwl Mwl/Mwu mwu mwl mnet mwl/mwu Twu Twl Tgu Tgl  
[kg/s2] [kg/s2] [] [kg/s] [kg/s] [kg/s] [] [K] [K] [K] [K] 
min 2.7E-06 1.1E-06 0.00 0.00 0.01 -0.10 0.12 289 289 296 290 
max 1.0E-02 3.5E-03 621.51 0.15 0.14 0.13 96.49 331 310 543 323 
avg 1.3E-03 6.8E-04 2.26 0.05 0.07 0.02 1.85 294 291 318 292 
 
Vent Mixing 
Interface Neutral Plane 
U(c) 
a mm a mm 
 
[m/s] [] [kg/s] [] [kg/s] 
min 0.17 0.03 0.01 0.03 0.01 
max 0.67 0.08 0.07 0.09 0.08 
avg 0.33 0.04 0.02 0.05 0.03 
 
Entrainment (S=10) 
 mavg mm mwl me mf mf/me f 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [] [] 
min 0.31 0.01 0.01 0.26 0.000 0.003 0.03 
max 0.98 0.08 0.14 0.98 0.025 0.028 0.28 




Heat Flux Data  
q”s q”rr q”cond q”conv,f q”conv,n q”i,f q”i,n  
[kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] [kW/m2] 
max 6.4 0.2 1.3 0.0 0.0 7.6 7.5 TSC-1 
avg 0.1 0.0 0.1 0.0 0.0 0.2 0.2 
max 3.0 0.1 0.7 0.0 0.0 3.0 2.8 TSC-2 
avg 0.1 0.0 0.0 -0.1 0.0 0.1 0.1 
max 4.1 0.2 1.0 0.0 0.0 4.6 4.5 TSC-3 
avg 0.1 0.0 0.1 -0.1 0.0 0.2 0.2 
max 2.3 0.1 0.6 0.0 0.0 1.9 1.6 TSC-4 
avg 0.1 0.0 0.0 -0.1 -0.1 0.0 0.0 
max 3.6 0.1 0.8 0.0 0.0 3.8 3.7 TSC-5 
avg 0.1 0.0 0.0 -0.1 0.0 0.1 0.1 




TSC-6 avg 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 
max 28.0 0.8 3.8 0.2 0.1 35.8 35.6 TSC-7 
avg 0.4 0.1 0.2 -0.2 -0.2 0.5 0.5 
max 25.9 1.1 5.0 0.4 0.2 35.2 34.9 TSC-8 
avg 0.4 0.1 0.2 -0.2 -0.2 0.5 0.6 
max 14.0 0.6 3.1 0.0 0.0 19.2 19.2 TSC-9 
avg 0.3 0.0 0.1 -0.2 -0.2 0.3 0.3 






avg 0.3 0.0 0.1 -0.2 -0.2 0.2 0.2 
max 4.9 0.2 1.2 0.2 0.2 7.1 7.0 TSC-11 
avg 0.1 0.0 0.1 0.0 0.0 0.2 0.2 
max 4.4 0.1 0.9 0.1 0.1 6.1 6.0 TSC-12 
avg 0.1 0.0 0.0 0.0 0.0 0.2 0.1 
max 3.4 0.1 0.8 0.1 0.1 4.8 4.8 TSC-13 avg 0.1 0.0 0.0 0.0 0.0 0.1 0.1 
max 2.9 0.1 0.6 0.1 0.0 4.0 4.0 TSC-14 
avg 0.1 0.0 0.0 0.0 0.0 0.1 0.1 






avg N/A N/A N/A N/A N/A N/A N/A 
max 7.6 0.4 2.0 0.0 0.0 9.6 9.5 TSC-16 
avg 0.2 0.0 0.1 -0.2 -0.1 0.2 0.3 
max 4.9 0.2 1.0 0.0 0.0 5.4 5.2 TSC-17 
avg 0.1 0.0 0.0 -0.1 -0.1 0.1 0.1 
max 1.4 0.1 0.3 0.0 0.0 1.9 1.8 TSC-18 
avg 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
max 1.2 0.0 0.3 0.1 0.1 1.7 1.7 TSC-19 
avg 0.0 0.0 0.0 0.0 0.0 0.1 0.1 






avg 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
max 7.7 0.4 1.8 0.0 0.0 9.6 9.6 TSC-21 
avg 0.2 0.0 0.1 -0.2 -0.1 0.2 0.2 
max 6.5 0.2 1.3 0.0 0.0 8.2 8.1 TSC-22 
avg 0.1 0.0 0.1 -0.1 -0.1 0.1 0.1 
max 1.7 0.1 0.5 0.0 0.0 2.5 2.5 TSC-23 
avg 0.1 0.0 0.0 0.0 0.0 0.1 0.1 
max 1.6 0.1 0.4 0.1 0.1 2.4 2.5 TSC-24 
avg 0.0 0.0 0.0 0.0 0.0 0.1 0.1 





avg 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
 J5 
 













































Rake 1 Temperature Corrections 








































































Uncorrected Corrected % Correction
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Rake 2 Temperature Corrections 
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Rake 3 Temperature Corrections 
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Uncorrected Corrected % Correction
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Vent mixing based at interface height 



































Vent mixing at neutral plane height  
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J32
 
TSC-15 Floor (broken thermocouple) 
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